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Veres, Patrick R. (Ph.D., Chemistry, Department of Chemistry and Biochemistry) 
Development and Use of Negative-Ion Proton-Transfer Chemical-Ionization Mass Spectrometry  
for the Measurement of Gas-Phase Acids 
Thesis directed by Dr. Joost de Gouw 
 
Abstract  
 
 Many of the key processes in the atmosphere are heavily influenced by acidic trace gas. 
Gas phase acids, both organic and inorganic, are poorly understood largely due to the limited 
range of measurement techniques available. This thesis details the development and use of 
negative-ion proton-transfer chemical-ionization mass spectrometry (NI-PT-CIMS) for the 
measurement of gas phase inorganic (HCl, HONO, HNO3, and HNCO) and organic acids 
(formic, acrylic, methacrylic, etc.). This method is based on the chemical ionization of acids via 
proton transfer reactions with the acetate ion (CH3COO-). This thesis discusses various 
laboratory experiments and field deployments of the NI-PT-CIMS instrument: (1) laboratory 
development and characterization including the characterization of response times and humidity 
dependence, (2) development of calibration systems, (3) laboratory measurement of acidic trace 
gas emissions from biomass fires at the Fire Sciences Laboratory in Missoula, MT, (4) 
measurements of organic and inorganic acids in urban air made during the CalNex 2010 field 
study, and (5) a discussion of a compound of emerging interest, isocyanic acid (HNCO), which is 
released from biomass burning and was found to be produced photo-chemically in urban air. NI-
PT-CIMS represents a significant advancement in gas phase acid measurement techniques 
allowing for measurements on a 1 sec timescale with detection limits in the parts per trillion (ppt) 
range. 
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CHAPTER I 
 
INTRODUCTION 
 
Many of the critical issues in atmospheric chemistry are related to the formation, 
transport, and deposition of key acidic species such as nitrous (HONO), nitric (HNO3), 
hydrochloric (HCl) and organic acids, which are formed in the later stages of many 
photochemical processes [Seinfeld and Pandis, 1998; Finlayson-Pitts, 2010]. Inorganic and 
organic acids are important chemical constituents that contribute significantly to the acidity of 
the atmosphere [Whelpdale et al., 1997]. These classes of compounds are important drivers for 
chemical transformations in the atmosphere, formation of aerosols, and the partitioning of gases 
to the particulate phase [Gard et al., 1998; Zhang et al., 2004; Monks et al., 2009]. The 
identification of sources and the quantification of the abundances and fluxes of atmospheric 
inorganic and organic acids are necessary for the improvement of pollution mitigation strategies, 
climate change policy, and our general understanding of chemical processing in the atmosphere. 
Nitrogen oxides are of particular importance in the atmosphere as they are crucial in 
determining the production and consumption of the highly reactive hydroxyl and hydroperoxyl 
radicals, HOx (OH + HO2). Nitrous acid (HONO) is a nitrogen oxide of special interest, because 
it is a direct precursor of OH radicals, and will be one of the compounds discussed in this thesis. 
OH is the perhaps the most important trace species in tropospheric chemistry, as it governs the 
oxidation and removal of most trace gases in the atmosphere. HONO is a particularly important 
source of the hydroxyl radical in the early morning with its primary removal mechanism being 
rapid photolysis to form OH and NO [Jenkin et al., 1988; Stutz et al., 2000; Aumont et al., 2003; 
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Volkamer et al., 2010]. Direct emission of HONO is primarily due to combustion and motor 
vehicle exhaust, in particular diesel vehicles, poorly maintained engines, and non-catalyst 
equipped motor vehicles [Kirchstetter et al., 1996; Kurtenbach et al., 2001]. The secondary 
sources of HONO are poorly understood, however it is generally accepted that the primary 
formation reaction on ground surfaces is NO2 plus water to form HONO and HNO3 [Harrison et 
al., 1996; Lammel and Cape, 1996; Kleffmann et al., 2003]. 
Nitric acid (HNO3) has also been recognized as one of the most important photochemical 
products in the atmosphere [Zhang et al., 2003]. HNO3 is formed during the daytime by the 
reaction of the hydroxyl radical (OH) and NO2 and is frequently the most abundant form of odd 
nitrogen present in the atmosphere [Seinfeld and Pandis, 1998]. There are no known important 
direct emissions of nitric acid. HNO3 is removed primarily by wet and dry deposition and 
reaction with non-acidic aerosols [Brasseur et al., 1999; Keene et al., 1999]. Although it is not 
completely understood, the acid displacement reaction of HNO3 on sea salt particles is believed 
to be the predominant secondary formation pathway for gas phase HCl [Clegg and 
Brimblecombe, 1985]. 
HCl, another important inorganic acid, is a major reservoir species for reactive chlorine 
in the atmosphere. Although OH radicals initiate the oxidation of most trace gases in the 
atmospheric, reactive chlorine can also be an important catalyst in the oxidation process. One 
example of this is the halogen-enhanced depletion of ozone infamously known from the 
chemistry that led to the discovery of the stratospheric ozone hole [Molina and Rowland, 1974]. 
HCl is produced from the combustion of coal and wood, incineration of wastes, and the direct 
emission from volcanoes [Lightowlers and Cape, 1988]. Secondary sources of atmospheric HCl 
occur via multiple mechanisms; the most important of these is believed to be the reaction of 
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HNO3 on sea salt particles [Eriksson, 1959; 1960; Keene et al., 1999]. Direct observations of 
HCl in the atmosphere are limited in frequency as well as in the geographical coverage of the 
measurements [Kim et al., 2008].  
Organic acids are another group of important atmospheric trace gases that contribute to 
the acidity of atmospheric condensed water and precipitation. Research suggests that organic 
acids are one of the most abundant classes of organic compounds present in the atmosphere 
[Baboukas et al., 2000; Yao et al., 2002; de Gouw et al., 2005; Tunved et al., 2006]. As end 
products of oxidation, organic acids reflect the photochemical history of an air mass. They may 
have a significant impact on climate as a result of the contribution of organic aerosols to total 
atmospheric loading and to cloud condensation nuclei [Novakov and Penner, 1993]. Organic 
acids have been measured in the gaseous [Sanhueza et al., 1996; Souza et al., 1999] and 
particulate phase [Mochida et al., 2003] as well as in rain and snow [Keene et al., 1983]. Primary 
emissions have been measured in motor vehicle exhaust [Kawamura et al., 1985; Talbot et al., 
1988], smoke from biomass combustion [Helas et al., 1992; Lefer et al., 1994; Veres et al., 
2010b], and direct emission from vegetation and soils [Seco et al., 2007]. Secondary production 
via photo-oxidation of VOCs has been suggested by ozonolysis of alkenes and olefins, isoprene 
oxidation and aldehyde oxidation by OH [Calvert and Stockwell, 1983; Chameides and Davis, 
1983; Atkinson and Lloyd, 1984; Andreae et al., 1988; Jacob and Wofsy, 1988; Grosjean, 1992; 
Chebbi and Carlier, 1996; Orzechowska and Paulson, 2005]. While these various reaction 
mechanisms have been suggested relatively little is known about their actual importance relative 
to direct emissions from biogenic and anthropogenic sources.  
Recent research has shown a link between the photochemical production of secondary 
organic aerosols (SOA) and gas phase organic acids [Carlton et al., 2006; Walser et al., 2007; 
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Kroll and Seinfeld, 2008]. Organic aerosols contribute 30-70% of the total aerosol mass, 
however their sources, formation processes, and composition are poorly understood [Zhang et 
al., 2007]. It is important to fully understand this relationship as atmospheric aerosols both 
scatter and absorb radiation, which can lead to a net heating or cooling effect on the atmosphere. 
Aerosol abundances and a poor understanding of their composition represent the largest 
uncertainties in our ability to predict climate change as there is a large degree of uncertainty in 
the magnitude of this forcing, approximately a factor of 3 [IPCC, 2007]. Gas-phase organic acid 
involvement in SOA chemistry may contribute to this error as their atmospheric abundances may 
be underestimated by an order of magnitude [de Gouw et al., 2005; Volkamer et al., 2006]. More 
frequent and accurate measurement of gas phase acids may improve our understanding of the 
chemical processes contributing to the formation and composition of organic aerosols in the 
atmosphere. 
Rapid and accurate measurements of acidic compounds (both organic and inorganic) are 
challenging, but nevertheless are an essential part of understanding the detailed processes 
involving these species. The continued development and refinement of measurement methods is 
a major focal point of this research. Methods for the measurement of gas phase atmospheric 
acids have progressed over the years from traditional bulk sampling with wet chemical analyses, 
requiring sampling times of hours, to online spectroscopic techniques that can achieve second or 
sub-second time resolution. A general review of such analytical methods has been compiled by 
[Clemitshaw, 2004].  Rapid ion-molecule reactions have recently been exploited in specific 
chemical ionization mass spectrometric (CIMS) methods for acids and related species [Spanel et 
al., 1995; Custer et al., 2000; Crounse et al., 2006; Huey, 2007; Kim et al., 2008; Hirokawa et 
al., 2009] and are typically selective and unique to the compounds of interest. Desirable features 
	  	   5	  
of CIMS methods are that they can be very sensitive and selective, and permit rapid (< 1s) 
measurements without requiring elaborate sample collection and separation steps. Some CIMS 
techniques have dependencies on other trace gases, particularly water vapor, that interfere with 
and complicate the desired ion-molecule reactions [Huey et al., 1995; Crounse et al., 2006]. The 
ease of producing a high concentration, relatively pure source of reagent ions is also a factor in 
the effectiveness of a CIMS technique for use in atmospheric measurements. In addition, 
atmospheric acids can be especially difficult to measure due to inlet surface effects [Neuman et 
al., 1999], which must be evaluated for losses, or degradation in time response. 
In this thesis work, I present the development of a CIMS system with the ability to detect 
and quantify both organic and inorganic atmospheric acids. This newly developed technique, 
negative-ion proton-transfer chemical-ionization mass spectrometry (NI-PT-CIMS), is based on 
a combination of proton-transfer reactions and negative-ion chemical-ionization mass 
spectrometry (NI-CIMS). The detection scheme utilizes proton abstraction reactions with acetate 
ions (CH3C(O)O-) to effectively ionize gas-phase acids in sampled air and mass selective 
detection of the product ions with a quadrupole mass spectrometer. The selective ionization 
scheme allows for the online detection of a variety of gas-phase acids on a rapid timescale (< 1s). 
The development of a high time resolution system, such as NI-PT-CIMS, is an advancement in 
the understanding atmospheric abundances, sources, fluxes, and fates of acidic gas phase species.  
The NI-PT-CIMS instrument has been extensively utilized in both laboratory studies as 
well as deployment in the field during a large-scale air quality study. Through this thesis work I 
have established NI-PT-CIMS as a viable technique for the measurements of gas phase organic 
acids and inorganic acids. I will present herein the following components of this doctoral work in 
detail: (1) initial laboratory validation experiments and instrument characterization of the NI-PT-
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CIMS instrument, (2) development of calibration systems for organic and inorganic acids, (3) 
biomass burning experiments at the Fire Sciences Laboratory in Missoula, MT, (4) field 
deployment during the CalNEX 2010 (Research at the Nexus of Climate Change) study, and (5) 
the atmospheric sources, fates and health implications of isocyasnic acid (HNCO). Here I show 
that acetate ion chemicatry provides an efficient and sensitive ionization method for the 
measurement of common gas phase organic (formic, acrylic, propionic, glycolic, methacrylic, 
pyruvic/butyric, benzenediol, and benzoic acids) and inorganic acids (HCl, HONO, HNO3 and 
HNCO). 
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CHAPTER II 
 
VALIDATION AND CHARACTERIZATION OF NEGATIVE-ION 
CHEMICAL-IONIZATION MASS SPECTROMETRY (NI-PT-CIMS) 
 
1. Introduction  
 
  Recent improvements in the on-line measurement of gas phase acidic species have been 
made through the use of chemical-ionization mass spectrometric (CIMS) techniques. These 
methods have the advantage of being very selective to specific groups of compounds as well as 
having a very rapid measurement frequency on the time scale of seconds. In this work we have 
developed negative-ion proton-transfer chemical-ionization mass spectrometry (NI-PT-CIMS) 
for the on-line analysis of gaseous organic and inorganic acids. This particular CIMS method 
utilizes a selective ionization reaction via proton abstraction with acetate ions.  
Acetic acid has the lowest gas phase acidity of the common atmospheric acids. The gas 
phase acidity of a molecule is defined by the Gibbs free energy change (∆G) of the following 
reaction: 
 
€ 
HA→H + + A−          (1) 
 
The low gas phase acidity of the acetate ion makes it an ideal reagent ion for the detection of 
organic acids via proton transfer. 
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€ 
CH3C(O)O− + RC(O)OH →CH3COOH + RC(O)O−     (2) 
 
Fragmentation of the product ion (RO(O)-) is limited due to the low exothermicity of the above 
reaction when the acteate ion is used. Other analogs such as inorganic acids and dicarboxylic 
acids are detected in a similar manner. In addition, other VOCs such as alcohols, ketones, and 
aldehydes will not undergo proton exchange with the acetate ion making it a very selective 
reagent ion.  
In the laboratory work described in this chapter, we use a modified version of a thermal 
decomposition peroxyacyl nitrite CIMS (TD-PAN-CIMS) instrument [Slusher et al., 2004] to 
perform laboratory experiments to both characterize and validate this technique. We have 
laboratory tested this ion chemistry for 11 organic acid species and determined the time response 
of the inlet and humidity dependence for both formic acid and pyruvic acid. We show the first 
laboratory calibration of NI-PT-CIMS for formic acid. Formic acid measurements made during 
two separate informal ambient air intercomparisons, with (1) a quantum cascade IR laser 
absorption system (QCL) and (2) a proton transfer reaction mass spectrometer (PTR-MS) are 
shown to evaluate the validity of this measurement technique. The simplicity of acquired spectra 
combined with the selectivity, high sensitivity (counts per part per trillion by volume, pptv), and 
fast time response make NI-PT-CIMS well-suited for the measurement of gas-phase acids. 
 
 
 
 
 
	  	   9	  
 
 
 
Figure 1. Schematic diagram of the NI-PT-CIMS instrument. Air is sampled into the inlet at a 
flow of approximately 0.5 – 2 slpm. The air enters the flow tube (40 mbar) where it mixes with 
acetate ions produced by flowing acetic anhydride in N2 through a 210Po source. Ions are then 
accelerated through the collisional dissociation chamber (CDC) at 0.41 mbar, mass separated 
using a quadrupole mass filter, and subsequently detected using a secondary electron multiplier 
(SEM).  
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2. NI-PT-CIMS  
 
The NI-PT-CIMS instrument used in this chapter, figure 1, has been modified from the 
TD-PAN-CIMS elsewhere [Slusher et al., 2004]. The acetate ion (CH3C(O)O-) is synthesized by 
dissociative electron attachment to acetic anhydride, CH3-C(O)-O-C(O)-CH3. We flow 2 sccm of 
saturated C4H6O3/N2 mixture into a 210Po ion source mixed with an additional 2 slpm of nitrogen. 
Ambient air is drawn into the flow tube (40 mbar) and mixes with CH3C(O)O- reagent ions. Ion 
molecule reactions occur over the entire 12 cm length of the flow tube. The resulting analyte ions 
are then accelerated through the collisional dissociation chamber (CDC) using a variable electric 
field of approximately 25 V cm-1. An ion guide at 10-3 mbar collimates the beam of ions and 
transfers them into a quadrupole mass filter. An electron multiplier at a pressure less than 9x10-5 
mbar is used to detect the ions.  
The acetic anhydride source used in this work consisted of a small volume (30 cm3) glass 
bubbler through which a small flow of the source N2 (1.5 sccm) was directed. The gas stream is 
assumed to be saturated at the vapor pressure of acetic anhydride at the exit of the bubbler (4 
Torr at 25 ºC). The flow is then combined with a total N2 flow of 2 slpm resulting in an estimated 
acetic anhydride mixing ratio of 4 ppm in the 210Po ionizer. A second design of the acetic 
anhydride source substituted a 0.5 L stainless steel reservoir of acetic anhydride, thermostated to 
30 ºC, in place of the small volume glass bubbler. In this configuration, approximately 25 sccm 
of N2 is passed over the headspace of the reservoir then mixed with the N2 flow as described 
above. This acetic anhydride source configuration was used solely on a second-generation 
instrument used during the CalNex 2010 experiment (chapter V). The higher volume of the 
reservoir increases the long-term stability of the source.  
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The CDC is kept at a pressure of 0.31 torr and consists of a series of five charged plates 
spaced at 1 cm with a variable electric field of approximately 25 V cm-1. The CDC has been 
designed such that each plate can be independently operated to aid in focusing ions. Molecular 
collisions in the CDC serve to dissociate weakly bound cluster ions into their core ions 
simplifying the resulting mass spectra. The conditions are set such that E/N is maintained at 
approximately 250 Td. This provides sufficient collisional energy (~ 98 kJ/mol) to break up 
cluster ions such as CH3C(O)O-•(H2O)n and CH(O)O-•(H2O)n both of which have binding 
energies of 66.9 kJ/mol. We do, however, observe the ion cluster of CH3C(O)O-•CH3C(O)OH 
with a binding energy of 123 kJ/mol  at m/z 119 [Meotner and Sieck, 1986]. 
Ions are transferred from the CDC to the quadrupole mass filter by an ion lens stack. Data 
are typically acquired either by successive counting at a series of masses for 0.50 s on each mass, 
or by mass scanning. Mass scans, from 10 to 225 amu, were accomplished by increasing the 
mass setting by 0.20 amu every 0.16 s and acquiring data for 0.15 s. The data collected in the 
mass-scanning mode is generally not used for quantitative analysis due to the lower time 
resolution.  
 Inlet designs were unique to the type of experiment being conducted. In general, inlets 
were made using heated PFA Teflon with Teflon valves to switch between a instrument zero and 
sampled air. A more detailed discussion on the different types of inlets used will be given in each 
individual chapter. A schematic diagram of the inlet used in the initial laboratory studies 
presented in this chapter is shown in figure 2. The inlet consisted of three Teflon PFA fittings 
connected to the front of the heated inlet. The fittings were 1/8” (0.32 cm) tees to which the 
standard source could be added and excess flow vented. A catalytic converter or alkaline denuder 
was manually added inline to provide an instrument zero when necessary. The last 0.5 m of the 
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inlet was thermostated to allow for heating during inlet response tests.  
 
2.1 Ion chemistry at low mixing ratios 
 
 As described above acetate ions react with organic and inorganic acids (HA) in the flow 
tube by the following reaction: 
 
 
€ 
CH3C(O)O− +HA→CH3C(O)OH + A− ,      (3) 
 
where acids with gas-phase acidity higher than that of acetic acid will undergo the above 
reaction.   
 We can use the following kinetic equations to determine the expected concentration (or 
count rate) of A-: 
 
 
€ 
[CH3C(O)O−]Δt = [CH3C(O)O−]0 × e−k[HA ]t       (5) 
 
 
€ 
[A−]t = [CH3C(O)O−]0 × [1− e−k[HA ]t ]       (6)  
 
 [A-] and [CH3COO-] are measured ion counts of the conjugate base and generated acetate 
ions respectively, [HA] is the concentration of trace gas HA, k is the rate of the proton 
abstraction reaction detailed in equation 1 and t the reaction time. If k[HA]t is small, then only a 
small fraction of CH3COO- ions react in the flow tube, and equation 6 simplifies to the 
following: 
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Figure 2. Schematic diagram of the NI-PT-CIMS inlet as used during the initial laboratory 
experiments presented in chapter II.  
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€ 
[A−]t = [CH3C(O)O−]0 × k[HA]t        (7) 
 
Figure 3 shows [CH3COO-]t and [A-] as a function of reaction time after substituting the 
values of [CH3COO-]0, [HA] and k into equation 6. We can see that at a reaction time of 0.077 
seconds, we are still within the linear regime of both [HA] and [CH3COO-]0. In addition, we can 
compare the lifetime of acetate with respect to formic acid (1/k[HA]), 0.57 sec, to the reaction 
time in the flow tube, 0.077 seconds. The reaction time is significantly shorter than the lifetime 
of the acetate ion, i.e. most acetate ions pass the flow tube without reaction, validating the 
assumptions that are made in deriving equation 7. 
In practice, calibrations based on laboratory-generated standards area used. Gas-phase 
concentrations can be calculated using sensitivities measured from laboratory standards as 
follows:  
 
€ 
[HA] = [A
−]
CFAcid × [CH3C(O)O−]
×106        (8) 
 
 CFAcid is the calibrated sensitivity (normalized to 106 reagent ion counts) for the acid 
being measured. Ion signals are normalized to the acetate ion signal remove any influence of the 
changing concentration of acetate ions. This kind of kinetic analysis in ion-molecule reactions 
has been extensively used in previously work [Lindinger et al., 1998; de Gouw and Warneke, 
2007]. 
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Figure 3. Graph of kinetic equations 5 and 6. The vertical dashed line represents a reaction time 
of 0.077 second as observed in the flow tube under typical conditions. Linearity in the response 
of A- and CH3COO- validates the assumption used in deriving equation 7.   
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2.2 Ion chemistry at high mixing ratios 
 
On occasion, the presence of high concentrations of analyte species in the flow tube 
requires an assessment of the secondary chemistry occurring in the ion flow tube. In chapter IV, 
in particular, the NI-PI-CIMS instrument was used to analyze the composition of laboratory 
biomass burns with high concentrations of acids, in which case we saw significant removal of 
acetate ions, as well as continued reactions of the acetate and product ions. In this section, we 
study if and how the removal of primary ions and the occurrence of secondary chemistry alter the 
calculation of mixing ratios according to Eqs. (5-7). Equation 7 shows that the product ion 
concentration [A-]t is linear in the organic acid concentration [HA]. While we can dilute the inlet 
flow to reduce the measured concentrations, a significant reduction in the acetate ion signal was 
still observed in some cases. As a result, the approximation used in equation 6 is no longer valid. 
In addition, secondary chemistry can become important when more than one organic acid is 
present at high mixing ratios, resulting in high concentrations of its conjugate anion.  
 When the removal of reagent ions is significant, the following series of reactions can 
occur: 
 
€ 
CH3C(O)O− +HA1→CH3C(O)OH + A1−       (9) 
 
€ 
CH3C(O)O− +HA2 →CH3C(O)OH + A2−       (10) 
 
€ 
A1
−
+HA2 →HA1 + A2
−         (11) 
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where HA1 and HA2 are two different acids with gas phase acidities greater than acetic acid, and 
for which the gas-phase acidity of HA2 is greater than that of HA1. The solution for the above set 
of equations is investigated here to determine if it presents a significant problem in the data 
analysis that is typically used.  
To correct for secondary reactions, a numerical solution to the above equations was 
investigated in detail using:  
 
€ 
[A
1
− ]
t+Δt
= [A
1
− ]
t
× (1− k11[HA2 ]tΔt)+[CH 3C(O)O− ]t × k9[HA1 ]Δt    (12) 
 
€ 
[A
2
− ]
t+Δt
= [A
2
− ]
t
+[HA
2
]
t
× (k10[CH 3C(O)O− ]t + k11[A1
− ]
t
)Δt    (13) 
 
€ 
[CH
3
C(O)O− ]
t
+ Δt = [CH
3
C(O)O− ]
t
(1− k9[HA1 ]tΔt)− [CH 3C(O)O− ]t k10[HA2 ]tΔt   (14) 
 
where k9, k10, and k11 are the reaction rates of equations 9, 10, and 11 respectively and ∆t is time 
step much shorter than the reaction time, 0.02 seconds. Two scenarios were investigated with 
assumed gas-phase acidities of CH3C(O)OH < HA1 < HA2: (scenario I) large [HA2] significantly 
decreasing [A1-] ions formed from equation 9, and (scenario II) large [HA1] forming additional 
ions that can react with HA2 to form [A2-].  
Initial model conditions were set such that [CH3C(O)O-]0 = 1, [A1-]0 = 0, and [A2-]0 = 0, 
defined in terms of fractions of the initial CH3C(O)O- concentration. The generated ions,  [A1-]t 
and [A2-]t, are then calculated as a fraction of the initial acetate ion concentration. As mentioned 
this depletion of acetate ions was first noticed during the biomass burning study, chapter IV. 
During the study the maximum concentration observed for a single species was approximately 
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350 ppbv. Therefore, the model scenario uses a constant mixing ratio of 10 ppbv for the acid of 
interest after taking the inlet dilution used during fire sampling into account. Using these initial 
values, the two scenarios presented above were investigated. A value of 3.3×10-10 cm3 molecules-
1 s-1 was taken as an approximation of the rate coefficient for all 3 proton-transfer reactions.  
The results of this first-order approximation of the kinetics are shown in figure 4a & b.  
In scenario I (figure 4a), [HA2] was held constant at 10 ppbv while [HA1] was allowed to vary 
over several orders of magnitude. In scenario II (figure 4b), [HA1] was held constant at 10 ppbv 
while [HA2] was varied. The relative ion signals (A1- and A2-) are not linear in the concentrations 
of organic acids (HA2 and HA1 respectively) as a result of primary ion depletion and secondary 
chemistry. This nonlinearity can be corrected for by normalizing to an effective primary ion 
signal. The results were used to determine the most effective normalization technique and 
quantify the corresponding error in the concentrations retrieved.  
Scenario I is presented in figure 4a with a dashed line at 40 ppbv representing the sum of 
measured acids observed in a typical fire during the biomass portion of this work, chapter IV. It 
is seen that the signal of acetate ions is significantly reduced under those conditions. The 
instrument response to A2- without normalization is depicted by the trace in red circles, and is 
relatively independent of [HA1]. The trace shown in green diamonds shows the effect of the 
standard process of normalizing A2- to CH3C(O)O-. The normalized signal of A2- increases with 
[HA1], because of the removal of acetate ions. However, the A1- ions formed are also reactive 
with HA2 and the trace in black triangles illustrates that normalizing to the sum of CH3C(O)O- 
and A1- results in a normalized signal for A2- that is independent of HA1.  
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Figure 4. Kinetic model of the ion chemistry observed during the fire sciences laboratory portion 
of this thesis work, chapter IV. Scenario I represents a situation in which two ions serve as 
proton acceptors for the acid of interest. Scenario II illustrates a case in which the ion of interest 
becomes a proton acceptor for another acid present. The dashed line represents total 
concentration loadings at fire maximum as determined from measurements made during this 
study. Normalizing to ion signals, A1- and A2-, to the sum of ions that react with HA1 or HA2 
respectively to produce A1- and A2- effectively removes nonlinearities resulting from secondary 
chemistry. 
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  We have shown here the simplified case of 2 organic acids at appreciable concentrations 
in the flow reactor. In the case where there are more than 2 species present, similar analyses 
show that the ion signal corresponding to an organic acid should be normalized to the signal of 
all ions from acids with a lesser gas-phase acidity. 
The second case investigated is the reaction of an acid HA1 with CH3C(O)O- by reaction 
9 and subsequent removal of the target ions, A1-, by reaction with additional reactive acids (HA2) 
by reaction 11. This case, scenario II, is presented in figure 4b. The measured signal of A1- ions 
(red circles) decreases significantly with HA2, because of the decrease in acetate ions. 
Normalization to the sum of ions that produce A1- (black triangles) results in a constant signal 
through the concentrations observed at fire maximum. The resulting error observed by 
normalizing in this manner is < 3%.  
 In summary, when significant primary ion depletion occurs, measurements of a given 
acid should be normalized to the sum of all ions that act as a proton acceptor. Based on this 
pseudo-first order approximation of the reaction kinetics, less than a 3% error is associated with 
this normalization. It should be noted that a loss of primary ion signal of the magnitudes 
discussed here are typically unnecessary at ambient concentrations. This normalization was 
necessary during the biomass burning experiments where significantly high mixing ratios were 
measured.  
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3. Instrumentation  
3.1 Calibration 
 
As many of the rate constants of for the reaction of the acetate ion and acidic gases are 
unavailable, calibration standards are needed for the quantitative analysis of NI-PT-CIMS data. 
Calibration of the NI-PT-CIMS for this particular set of laboratory experiments was performed 
using the inlet as shown in figure 2. Ambient air is sampled using a 1m long, heated (75ºC) PFA 
Teflon inlet. Formic acid calibration gas was added by flowing air over a certified permeation 
source heated to 50ºC followed by subsequent dilution with zero-air at 50% relative humidity. 
The error in the standard source concentration is assumed to be 20% based on the error 
associated with the permeation source used and dilution errors.  
A typical calibration curve for the NI-PT-CIMS is shown in figure 5. The slope of each 
curve gives the sensitivity (calibration factor) for each species in normalized counts per second 
(ncps) ppbv-1 of formic acid. Mixing ratios in ambient air measurements were determined using 
these calibration factors. The data shown in figure 5 have been normalized to a primary ion 
signal of 106 cps of m/z 59. The normalized sensitivity of the NI-PT-CIMS towards formic acid 
was found to be 21 ± 4.3 ncps ppt-1. Figure 5 also contains a formic acid calibration curve for the 
PTR-MS instrument, which was used in the comparison between NI-PT-CIMS and PTR-MS. 
The normalized sensitivity of the PTR-MS instrument towards formic acid was found to be 30 ± 
1 ncps ppb-1. The 3 order of magnitude lower sensitivity can be accounted for by comparing the 
reaction time in the two systems. The NI-PT- CIMS reaction time is approximately 0.077 
seconds compared to 134 µs in the PTR-MS. Enhancing the PTR-MS sensitivity by this factor 
yields approximately the same sensitivity observed in the NI-PT- CIMS. 
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Figure 5. Results of NI-PT-CIMS and proton-transfer-reaction mass spectrometry (PTR-MS) 
calibration measurement for formic acid. The slope of line (a) was found to be 21 ± 4.3 ncps per 
pptv with an R2 of 0.999. Line (b) gave a slope of 30 ± 1 normalized counts per second (ncps) 
per ppbv with an R2 of 0.998. 
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A capillary diffusion cell was used to provide steady state concentrations of organic acids 
in all laboratory studies, expect for formic acid where a permeation source was used. A 5 sccm 
flow of nitrogen was passed through the headspace of the diffusion cell, and then diluted with 
humidity controlled zero air. Concentrations were calculated as described by Altshuller and 
Cohen [Altshuller and Cohen, 1960] using the relevant Henry’s law constants [Sander, 1999a]. 
The accuracy of the calculated standard concentrations is limited by the lack of accurate 
molecular diffusion constants and vapor pressures for the species analyzed. As a result, a 
significant amount of work was devoted to developing a system to accurately calibrate the output 
of both permeation and diffusion sources and will be discussed later in chapter III.    
 
3.2 Background determinations 
 
Determination of the instrument background is important because it needs to be 
subtracted from ambient measurements at low concentrations. Background measurements for 
these classes of compounds are especially important due to the adhesive nature of these species. 
A sodium carbonate denuder and a palladium oxidizing catalyst were tested to determine an 
effective method to zero the instrument. The sodium carbonate denuder cell was prepared as 
described by Fitz [Fitz, 2002] using a one half meter length of 1/2” (0.64 cm) o.d. glass tubing. 
The catalyst used is a precious metal catalyst on a stainless steel honeycomb substrate (Johnson 
Matthey Emission Control Technologies). The catalyst was sealed in a glass cell with 1/4” (0.32 
cm) ports and heated to 350ºC. Zero air containing formic and pyruvic acid was passed through 
each cell to assess the effectiveness of the denuder and the catalyst used. Figure 6 shows a series 
of measurements including one ambient background measurement, one calibration addition with 
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the catalyst bypassed, and one calibration addition passed through the catalyst. The efficiency 
was then calculated as one minus the ratio of the steady state signal during flow through the 
catalyst to the signal when the catalyst was bypassed. The denuder successfully removed formic 
and pyruvic acid with efficiencies of 97.9 ± 5.9% and 94.3 ± 9.2% respectively. The efficiency 
of the catalytic converter was found to be 100.1 ± 1.5% for formic acid and 99.5 ± 7.8% for 
pyruvic acid. The catalytic converter proved more effective than the denuder at removing both 
acid species. Denuders, however, provide a much faster response time and as such were 
preferentially used in most of this work. 
The 3σ limit of detection was approximated using data from figure 6. For a 1 second 
integration time the limit of detection for formic acid was found to be approximately 80 to 90 
pptv. A high instrument background limited the formic acid limit of detection; however work 
was performed after this study to lower backgrounds and is mentioned in later chapters. 
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Figure 6. Time series of normalized 1 second NI-PT-CIMS data for one standard addition of 
formic acid and two background determinations. 
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4. Instrument Characterization 
4.1 Ion chemistry validation 
 
 The selectivity of the ion chemistry in NI-PT-CIMS was tested for a number of acids. 
Figure 7a shows a zero air background scan showing the presence of approximately 106 primary 
ions (CH3C(O)O-, m/z 59). Figures 7 b-d contain the resulting spectra of the reactions of 
CH3C(O)O- reagent ion with formic acid, acrylic acid , and pyruvic acid, respectively. For all 
three species, the dominant product ion observed (m/z 45, 71, 87) is RCOO- formed in reaction 
2. In addition to this main product, less abundant ions are also observed, several of which occur 
in all spectra recorded. These less abundant peaks are the result of impurities in the system, and 
correspond to the following ions: CH3- (m/z 15), O2- (m/z 32), Cl- (m/z 35), NO2- (46), and NO3- 
(62). A high instrument background is observed for m46 and m62, NO2- and NO3-, which are 
likely due to the ionization of H2O and N2 in the 210Po source. The reaction of CH3C(O)O- with 
HX where X is Cl-, NO2-, and NO3- is energetically favorable thus we expect these species to be 
observable using this chemistry. Several of the spectra collected also show small but unique 
fragment ions. In figure 7 c and d ions are present at m/z 27 and 43 respectively, a result of the 
loss of CO2 from the parent ion.  
This type of analysis was also carried out for the following species: propionic acid (C2H5-
C(O)OH), methacrylic acid (CH2=C(-CH3)-C(O)OH), butyric acid (C3H7-C(O)OH), lactic acid 
(CH3CH(-OH)-C(O)OH), trifluoroacetic acid (CF3-C(O)OH), benzoic acid (C6H5-C(O)OH), 2-
nitrophenol (C6H5(-OH)-NO2), and pentafluoropropionic acid (C2F5-C(O)OH). Of these 
compounds only trifluoroacetic acid and pentafluoropropionic acid showed significant fragment 
ions (CF3- and C2F5- respectively) with both spectra showing the presence of the ion F-. 
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Figure 7. Mass spectra for various organic acids. Ions shown in circles are the primary products 
of proton transfer with the acetate ions (diamonds). Additional ions highlighted by squares are 
commonly observed ions present in the instrumental background.  
Fig. 7a. Primary ion spectrum: CH3C(O)O- (m/z 59) primary ions, NO3- (m/z 62), NO2- (m/z 46), 
Cl- (m/z 35), O2- (m/z 32), and CH3- (m/z 15). 
Fig. 7b. Formic acid spectrum:  HCOO- (m/z 45), CH3C(O)O- (m/z 59), NO3- (m/z 62), NO2- 
(m/z 46), Cl- (m/z 35), O2- (m/z 32), and CH3- (m/z 15). 
Fig. 7c. Acrylic acid spectrum: CH2CHC(O)O- (m/z 71), CH2CH- (m/z 27), CH3C(O)O- (m/z 
59), NO3- (m/z 62), NO2- (m/z 46), Cl- (m/z 35), O2- (m/z 32), and CH3- (m/z 15). 
Fig. 7d. Pyruvic acid spectrum: CH3C(O)C(O)O- (m/z 87), CH3C(O)- (m/z 43), CH3C(O)O- (m/z 
59), NO3- (m/z 62), NO2- (m/z 46), Cl- (m/z 35), O2- (m/z 32), and CH3- (m/z 15). 
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Table 1 summarizes the ability of NI-PT-CIMS to detect each compound listed. Oxalic 
acid (C2H2O4) and malonic acid (C3H4O4) could not be detected because it was not possible to 
produce large enough gas phase concentrations with the diffusion cells used. Our observation of 
Cl-, NO2- and NO3- ions in laboratory air combined with thermodynamic information suggests 
the possibility of detecting hydrochloric acid (HCl), nitrous acid (HONO), nitric acid (HNO3). In 
addition, hydrobromic acid (HBr), sulfuric acid (H2SO4), and hydroiodic acid (HI) are likely 
detectable using this system.  
 
4.2 Humidity dependence 
 
Humidity dependence is a concern whenever ambient measurements are made. In NI-PT-
CIMS, changes in the ambient humidity potentially causes variations in the reagent ion signal 
and water cluster distributions in the flow tube. Measurements of formic acid were performed 
under varying humidity to better understand this effect. Formic acid was added to zero air that 
has been passed through a glass water bubbler and mixed with varying amounts of dry zero air to 
control the humidity. The results of this experiment are shown in figure 8. The formic acid signal 
appears to be not dependent on the humidity of the sampled air within the precision of our 
measurements (±5%). This is somewhat expected as the CDC effectively breaks up any water 
clusters that are formed in the flow tube. These results would also suggest that the rates of the 
following reaction are similar: 
 
€ 
CH 3C(O)O− +HC(O)OH → HC(O)O− +CH 3COOH       (15) 
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Table 1. Gas-phase acidities [Sander, 1999b], anion masses, and anion abundances of common 
acids  
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Figure 8. Dependence of the response of the NI-PT-CIMS formic acid signal to changes in 
relative humidity. 
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€ 
CH3C(O)O− • H2O+HC(O)OH →HC(O)O− +CH3COOH • H2O    (16) 
 
These equations assume that CH3C(O)O-•H2O is present, which is not proven as the CDC breaks 
up any clusters present and this ion is not observed. The lack of humidity dependence greatly 
simplifies data analysis by removing the necessity for a humidity correction factor. 
 
4.3 Inlet tests 
 
The response time of the NI-PT-CIMS instrument is an important characteristic of the 
measurement, as it determines the time scale upon which measurements can be made. An ideal 
inlet would provide a signal that resembles a step function going from zero to steady state 
instantaneously when a concentration change is applied. Figure 7 shows that a finite amount of 
time is required to reach steady state when a change in concentration occurs. This effect is 
observed as the rounded corners in the signal when calibration gas is added or removed. The 
non-ideal behavior in the response time is mainly a result of the finite amount of time required 
for organic acids to reach equilibration on inlet surfaces.  
To test the time response of the NI-PT-CIMS inlet, a known amount of sample was added 
to the instrument for a given period of time. The instrument response to the change in 
concentration was then defined as the time required to reach the steady state response. The 
steady state response is the system response after the inlet was under the same condition for an 
extended period (15 min). We define the response time as the time required for a steady state 
signal to decay to 10% of the initial signal when a background measurement is made.  
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Figure 9. Above is the NI-PT-CIMS response shown as the ratio of the observed signal at two 
different inlet temperatures versus the time from standard addition or removal. Open symbols 
show the rise after calibration gas is added. Closed symbols show the decay after calibration gas 
is removed. 
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The result of the tests are shown in figure 9 for formic and pyruvic acid. The data was fit 
to double exponential curves that are shown as the solid and dashed lines in figure 9. The 
increase in pyruvic acid at room temperature showed a slow response and could not be fit to a 
double exponential. Both the signal rise and decay for each concentration pulse applied is shown 
for two trials. The mixing ratios of formic and pyruvic acid used were between 20 and 40 ppb.  
 The data is shown in figure 9 as a ratio of instrument response a given time after change 
(Rt) to the instrument response at steady state (RSS). Steady state is defined by the average 
signal level just before or after a concentration change. It can be seen that response times of 1 to 
2  seconds can be achieved for formic acid. No significant differences were observed in the 
response time as a function of water vapor added. The effect of the temperature at which the inlet 
was maintained is clearly shown in figure 9. The response time to formic acid was reduced from 
31 s to approximately 1.5 s with inlet heating. Pyruvic acid showed a reduction in response time 
from 85 s to 5.5 s. The signal rise times are significantly longer for pyruvic acid in comparison 
with the decay time. This difference is due to a transient pressure effect that occurs in the 
diffusion source when the sample source is manually added to the inlet flow. 
 
5. Intercomparison 
 
A Quantum Cascade Laser (QCL) system and a PTR-MS system were utilized to perform 
two instrumental intercomparisons with the NI-PT-CIMS technique. The Quantum Cascade 
Laser (QCL) system used in the qualitative comparison monitored formic acid, formaldehyde, 
and ethene during the TexAQS 2006 field campaign. This technique utilizes laser absorption at 
1765 cm-1 by formic acid as a detection method followed by a spectral fitting routine to 
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determine the formic acid concentration. The detection limit of this technique is in the sub-ppbv 
level. More detail on this measurement technique can be found in elsewhere [Herndon et al., 
2007]. The PTR-MS system utilizes proton transfer reactions of H3O+ to monitor various 
atmospheric trace gases. PTR-MS allows for the detection of volatile organic compounds with 
high sensitivity (10-100 pptv) and fast response times (1-10 s). This technique has been proven 
in aircraft, ground based, and laboratory studies. A more complete discussion of the PTR-MS 
system used in this study can be found elsewhere [de Gouw and Warneke, 2007].c 
5.1 Quantum cascade infrared laser absorption (QCL) 
 
The detection scheme utilized in this work was first observed during work involving a 
TD-PAN-CIMS fielded during TexAQS 2006. This fortuitous discovery permitted a qualitative 
comparison of the NI-PT-CIMS method with the QCL instrument also fielded during the 
TexAQS 2006 mission onboard the Ronald H. Brown research vessel, figure 10. This qualitative 
test led to the further work described in this paper. TD-PAN-CIMS involves the thermal 
decomposition of PANs into corresponding peroxyradicals. These radicals then react with iodide 
ions to form the carboxylate ion, RC(O)O-. The system used an internal 13C-labelled PAN 
standard continuously giving between 6,000 to 8,000 cps of 13C labeled acetate ions. The mass 
spectra generated under ambient sampling showed the presence of the formate ion (m/z 45). 
Since there is no formyl PAN compound produced in the atmosphere [Roberts and Koppmann, 
2007] it was hypothesized that proton transfer reactions from the acetate ions with formic acid 
present in air were responsible for the formate ions observed. 
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Figure 10. Time series of formic acid observed simultaneously with a peroxyaectyl nitrite 
chemical-ionization mass spectrometer (PAN-CIMS) and a quantum cascade laser (QCL) in 
Houston, TX during the Texas air quality study (TexAQS 2006) experiment. 
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The quantum cascade IR laser absorption (QCL) system operating during TexAQS 2006 
was used to measure formaldehyde, ethene, and formic acid. The system was operated as 
described by Herndon et al. [Herndon et al., 2007]. During TexAQS 2006, the instrument used a 
10 m length of 8 mm i.d. PTFE sampling line heated to 40 C at a reduced pressure of 70 Torr. 
The inlet was located on the same tower as the TD-PAN-CIMS inlet. This provided a qualitative 
intercomparison of observed formic acid from 22 – 26 August 2006. Figure 10 shows the results 
of the TD-PAN-CIMS data collected along with QCL measurements of formic acid. The PAN-
CIMS m/z 45 scale was shifted to account for a background, as no instrument zero for formic 
acid was available. The signal was then scaled to the QCL data as no calibration was performed  
using the PAN system. It can be seen that the two techniques correlate very well. It is important 
to mention that the PAN-CIMS data is not normalized and the significantly lower primary ion 
signal observed during TexAQS 2006, of 6,000 to 8,000 cps, gave a much higher detection limit 
than that of the QCL and the current NI-PT-CIMS. 
 
5.2 Proton transfer peaction mass spectrometry (PTR-MS) 
 
The NI-PT-CIMS and PTR-MS instruments were run side by side in the laboratory 8-14 
September 2007. The comparison was run continuously with the exception of weekdays during 
the hours of 9 am to 6 pm due to instrumental tests. Both instruments sampled from a common 
10m line made of 1/4” (0.32 cm) o.d. PFA Teflon tubing extending 0.5 m out of a first story 
window at NOAA Boulder, CO. The PTR-MS instrument was run as described elsewhere [de 
Gouw and Warneke, 2007].  
A formic acid calibration was performed on both instruments immediately prior to the 
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first day of measurement using a common line for the NI-PT-CIMS and the PTR-MS. Results of 
the calibrations are shown above in figure 5. The PTR-MS data have been normalized according 
to a method described previously [de Gouw et al., 2003]. The humidity dependence factor used 
was 0.5, the standard factor for compounds where the humidity dependence is unknown. 
The NI-PT-CIMS instrument was run with a total inlet flow of 2 slpm. A 5 s 
measurement sequence was made integrating for 0.5 seconds at masses 10 (noise), 45 (formic 
acid), 59 (acetate), 61 (acetate isotope), 62 (nitric acid), 73 (propionic acid), 85 (methacrylic 
acid), 87 (butyric acid, pyruvic acid), 89 (oxalic acid), and 121 (benzoic acid). A sodium 
carbonate denuder cell was used to obtain background measurements every hour with the NI-PT-
CIMS instrument during this measurement period. The mixing ratios were determined by 
normalizing to the acetate ion signal, subtracting the normalized background measured with the 
denuder, and dividing by the calibration factor. Figure 11 shows the NI-PT-CIMS measurements 
along with PTR-MS data during the measurement period. The data is presented as 1-min average 
measurements for both instruments. The NI-PT-CIMS and PTR-MS formic acid measurements 
were highly correlated (R2 > 0.93) with a slope of 0.97 as shown in figure 12. This 
intercomparison is well within the combined error of the two techniques. 
Several possible interferences do exist for the PTR-MS measurement of formic acid at 
m/z 47. To better understand these effects the QCL formic acid measurement during TexAQS 
were also compared to the signal recorded at mass 47 using a proton-transfer ion-trap mass 
spectrometer (PIT-MS) [Warneke et al., 2005] that was run in parallel.  
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Figure 11. Time series of 1-min formic acid mixing ratios measured simultaneously with NI-PT-
CIMS and PTR-MS in Boulder, CO. 
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Figure 12. Scatter plot of NI-PT-CIMS and PTR-MS formic acid (m/z 47) measurements 
presented as 1 min and 40 min averages. The 40 min data has been fit with ODR regression. 
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The QCL measurement of formic acid compared well with the signal recorded at mass 47 
using the PIT-MS instrument onboard the Ronald H. Brown during TexAQS 2006, except in a 
number of narrow industrial plumes near Houston, TX. In these cases, interference at mass 47 
was identified as dimethyl ether using GC-PIT-MS measurements. In most urban atmospheres, 
this interference is not expected to be significant as shown by the NI-PT-CIMS versus PTR-MS 
comparison in figure 12. Interference from ethanol at mass 47 was small in the PIT-MS 
measurements despite high ethanol mixing ratios of up to 15 ppbv in industrial plumes, as 
expected from the low sensitivity of PIT-MS towards ethanol [Warneke et al., 2003]. 
A calibration was performed to determine the transmission of formic acid through the 10 
m PFA Teflon sampling line used during the comparison. The sampling line was not heated 
during the intercomparison and this experiment. Formic acid was added in known concentrations 
to the head of the sampling line and monitored by the NI-PT-CIMS. Figure 13 presents the 
results of this experiment for the three different concentrations used. The NI-PT-CIMS measured 
a total formic acid loss of approximately 25% over the length of the sampling line. The results of 
this experiment illustrate the importance of selecting proper inlet materials, conditions, and 
minimizing the length of the inlet line. 
The additional masses observed in the NI-PT-CIMS measurement sequence were only 
qualitatively analyzed due to a lack of calibration factors. Signals corresponding to propionic 
acid, methacrylic acid, butyric acid, pyruvic acid, and benzoic acid were all observed and 
appeared to decrease to a lower value during the background measurements. The signal-to-noise 
ratios observed were slightly lower than that observed for formic acid. The inlet transmission of 
these species must be further studied to determine total species loss across the length of the inlet. 
Additional work must be performed to better assess our ability to quantify these and other 
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species and will be described further below in this thesis. 
 
6. Application of NI-PT-CIMS to ambient air measurements 
 
The use of this method for ambient measurements of acids will benefit from reduction in 
instrument backgrounds and in understanding and controlling system interferences. System 
backgrounds seem to arise from two factors; material adsorbed on the surfaces of the ion flow 
tube, and impurities in the ionization source. Heating the ion flow tube and ionizer (80 ºC) is 
suggested as a means to reduce surface adsorbed material. The addition of NH3 to CIMS systems 
to reduce backgrounds in HNO3 measurements, has been described by Huey et al. (1998) and 
Neuman et al. (2002), and was suggested as a solution to the high background of nitrate and 
perhaps other acid anions, since NH3 appears to react with surface-adsorbed nitric acid to prevent 
it from desorbing into the gas phase. However, preliminary work by J. A. Neuman (personal 
communication) with the SiF5- CIMS, indicated that NH3 addition slows the response time to 
formic acid in that system. We interpret this to be a result of surface NH3-HC(O)OH complexes 
that are still partially volatile. System backgrounds increased whenever the system was opened to 
room air to replenish the acetic anhydride sample, as required every few days using the small 
volume glass bubbler. This problem was eliminated through the use of a larger reservoir that 
would not need to be opened for extended periods.  
Interferences can be caused by ion decomposition or by unwanted neutral chemistry. The 
NI-PT chemistry produces conjugate anions, i.e. HCl produces Cl−, etc., which are often quite 
stable thermodynamically with respect to other ions, especially clusters. This amplifies the need 
for careful examination of species or processes that might interfere in ambient measurements. 
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Figure 13. Formic acid transmission efficiency of the 10 m PFA Teflon inlet used during the 
intercomparison of NI-PT-CIMS and PTR-MS. A known formic acid calibration source 
(expected concentration) was added to the end of the inlet and measured by NI-PT-CIMS 
(observed concentration). The slope of the linear fit was found to be 0.75 ± 0.04 with an R2 of 
0.9972 indicating a 25% loss of formic acid in the inlet. 
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7. Conclusions 
 
In this chapter, we have developed and characterized the NI-PT-CIMS method for the on-
line measurement of gaseous organic acids. The instrument was shown to have the ability to 
detect a large range of acid species including carboxylic acids, dicarboxylic acids and, 
potentially, inorganic acids. We have reported a limit of detection below 0.1 ppbv for 1-s 
measurements of formic acid. NI-PT-CIMS ambient formic acid measurements were compared 
qualitatively to a QCL and quantitatively to a PTR-MS instrument, with good agreement. Table 1 
provides a summary of species we are able to detect using this ionization method. NI-PT-CIMS 
can provide organic acid measurement with a time resolution on the order of seconds whereas 
previous methods, such as filter sampling, are limited to overall temporal resolution of hours. 
Sub-ppbv detection limits of several organic acids have been observed using the technique 
described here. The fast time response of this technique combined with the high sensitivity and 
low limit of detection make this a promising method for airborne measurements. This instrument 
is also well suited to investigate organic acid uptake and release by various types of vegetation 
that could be important in global and regional emission models. Later work was conducted to 
further characterize the system and improve the detection limit and sensitivity and is presented in 
later chapters. Several key problems are addressed in more detail including the reduction of the 
inlet response time, development of a calibration system, and further reduction of the instrument 
backgrounds.  
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CHAPTER III 
 
ORGANIC AND INORGANIC ACID CALIBRATIONS  
 
1. Introduction  
 
 Accurate measurements of ambient VOCs in the atmosphere or laboratory using analytical 
techniques such as gas-chromatography [Rappengluck et al., 2006], PTR-MS [de Gouw and 
Warneke, 2007], and NI-PT-CIMS [Veres et al., 2008] rely on the accuracy of the calibration 
methods used. For many VOCs, but especially for “sticky” compounds that have a high affinity 
for metal surfaces, accurate calibration systems are not readily available. VOC standards for 
instrument calibration are generally produced either statically or dynamically. Static methods 
rely on mixtures of gases in closed containers of known volume, while dynamic processes 
involve mixing a continuous flow of analyte into a dilution or carrier stream. A comprehensive 
review of standard generation processes for VOCs can be found elsewhere [Barratt, 1981; 
Namiesnik, 1984; Naganowska-Nowak et al., 2005]. 
 Modern static techniques most commonly utilize mixtures of gases in treated high-pressure 
cylinders [Apel et al., 1994; Apel et al., 1998; Rappengluck et al., 2006]. Static techniques are 
the preferred calibration method for many field and laboratory investigations due to the 
portability and robust nature of high-pressure gas cylinders. Standard mixtures are stable for 
many VOCs; however, wall losses and degradation become significant for highly polar and 
reactive compounds, such as gas-phase acids.  
 Dynamic standard generation can avoid the problem of wall losses and degradation by 
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continuously flowing analyte into a carrier stream. This method is more suitable for polar and 
reactive species which would otherwise be lost to surfaces at low mixing ratios [Barratt, 1981]. 
The two most commonly used techniques are standard generation through the use of diffusion 
cells [Altshuller and Cohen, 1960; Namiesnik et al., 1981; Possanzini et al., 2000; Williams et 
al., 2000; Thompson and Perry, 2009] and permeation sources [Okeeffe and Ortman, 1966]. 
Diffusion sources are often used in place of permeation sources when the latter is unavailable or 
behavior of a substance in a permeation source is nonideal (i.e. degradation, low permeation rate, 
etc.) [Barratt, 1981]. A combination of static and dynamic standard generation is also often used 
where a high mixing ratio (ppmv) static mixture is diluted dynamically. This allows for 
convenient portability but losses are not as significant as with very low mixing ratio static 
sources. 
 In the first part of this chapter, we discuss the development of a mobile organic carbon 
calibration system (MOCCS) for the generation and absolute measurements of calibrated VOC 
mixtures in air. Th system is relatively inexpensive and easy to set up. The MOCCS combines 
the production of standards using permeation or diffusion sources, quantitative catalytic 
conversion of carbon containing species to CO2, and subsequent CO2 measurement. Validation 
of this technique was performed in a three-part analysis: (1) two high accuracy methane 
standards were analyzed and compared to their known concentrations, (2) comparison of 
measurements by gas chromatography mass spectrometry (GC-MS) and MOCCS of a benzene 
standard generated using a permeation source with the system described here, and (3) several 
complex gravimetrically prepared VOC standards were analyzed for total carbon content.  
 In the second part of this chapter, we present various calibration sources for several 
inorganic acids (HCl, HONO, HNO3 and isocyanic acid (HNCO)). We also show that the NI-PT-
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CIMS ion chemistry is an efficient and sensitive ionization method for detection of HCl, HONO, 
HNO3 and HNCO. While HONO and HNCO are pyrolysis and combustion products of emerging 
interest, all four of these acid species present a challenge for atmospheric chemical analysis 
[Sipin et al., 2003]. Calibrations and inlet tests were performed under varied water vapor 
concentrations in order to assess the response of the method to this important parameter. The 
inlet system used for measurements was tested for transmission/loss of species and the attendant 
equilibration time constants were measured. Possible interferences from secondary ion chemistry 
were estimated for high concentration conditions encountered in some experiments.  
 
2. Organic acid calibration 
 
 Total carbon measurement by conversion to CO2 and nondispersive infrared (NDIR) sensor 
analysis has long been used for analysis of environmental samples ranging from natural waters to 
bulk collected aerosol particles. Total organic carbon (TOC) measurements of gas phase 
nonmethane hydrocarbons using oxidative catalysts, followed by reduction to methane, have 
been used in previous work [Roberts et al., 1998; Maris et al., 2003]. Ambient VOC levels are 
frequently below the detection limits of these gas phase TOC measurement techniques, which 
need to account for the large concentrations of ambient CO2, methane, and carbon monoxide and 
make them unsuitable for ambient analyses.  The TOC technique is however particularly well 
suited for the analysis of calibration standards where the mass loading can be user-varied to fall 
within a measureable range and the effects of carrier gas CO2 can be eliminated. While the 
technique used here is similar to TOC methods using the catalytic conversion of organic carbon, 
we use a direct measurement of CO2 produced in this process as a calibration measurement.    
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2.1  Mobile Organic Carbon Calibration System (MOCCS) 
 
 MOCCS, shown in figure 14, consists of 16 flow and temperature controlled permeation 
tube housings, a thermostated palladium catalyst at 350ºC to readily convert VOCs to CO2, and a 
CO2 detector (Beckman Industrial Model 870 NDIR or LI-COR LI-6252). The entire assembly 
was mounted in a portable rack that includes a high-pressure zero air cylinder and an 
uninterruptable power supply. These features allow MOCCS to be temporarily removed from 
power for transport while providing continuous temperature control and flow over the 
permeation sources.   
 The housing was designed to hold 16 permeation sources at a controlled flow. Four 
aluminum blocks were drilled for 1/2” (1.28 cm) o.d. PFA Teflon sleeves to house four 
permeation sources each. A temperature probe was inserted in the center of each block and the 
temperature regulated using individual controllers. Each permeation housing can be operated at a 
separate temperature with each block housing up to four permeation sources. Sections of 1/16” 
(0.16 cm) o.d. stainless steel capillary tubing ~15 cm long were crimped until a flow of  ~10 
sccm was provided to each of the 16 channels at 30 psi (2.07 bar). Due to slight variations in the 
inlet pressure, the flow is measured for each channel at the time of calibration.  
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Figure 14. A schematic diagram of the mobile organic carbon calibration system (MOCCS). Gas 
standards are selectively passed over a palladium catalyst (CC). The CO2 generated via oxidation 
of a standard is then measured using a nondispersive infrared sensor (NDIR). During a 
background measurement, valves 1 and 4 open to allow flow to bypass the catalyst. At this time, 
valves 2 and 3 are closed shut and valves 5 and 6 are opened to flush the catalyst with zero air. 
To make a total carbon measurement, valves 2 and 3 opened, 5 and 6 closed, and valves 1 and 4 
are switched to allow the sample to flow through the catalyst with the outflow to the CO2 
detector. 
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 A typical permeation source calibration is based on the mass loss of the permeation tube 
and usually requires running for several weeks under stable conditions. MOCCS measures real 
time emission rates of permeation sources after equilibrating within hours. As a result, any 
constant VOC source can be used thereby eliminating the necessity of obtaining certified 
permeation sources that can be quite costly. In this work, permeation sources were made in-
house using pure compounds placed into 1/4” (0.64 cm) or 1/8”  (0.32 cm) Teflon permeation 
tubes purchased from VICI Metronics and sealed with Teflon plugs with crimped stainless steel 
bands. Adjusting the temperature of the permeation housing can easily vary the output of the 
sources.   
 The catalyst is comprised of a 3” (3.62 cm) length 1/4" (0.64 cm) o.d. stainless steel tube 
packed with 10% Pd on Kaowool (Johnson-Matthey, Ward Hill, MA.) and capped with a small 
amount of glass wool, to prevent the palladium from exiting the catalyst. A thermocouple is 
attached to the midpoint of the stainless steel tubing and then wrapped in a single layer of 
insulated Nichrome wire. The finished catalyst is well insulated and placed into an aluminum 
box with 1/4” (0.64 cm) Swagelok bulkhead unions. A 24 Volt temperature controller is used to 
supply power to the Nichrome wire and set the temperature to 350ºC. This catalyst design is 
based on that used for PTR-MS background measurements [de Gouw and Warneke, 2007]. 
Conversion efficiencies of C1-C7 compounds on a Pd/aluminum catalyst has previously been 
shown to be quantitative [Roberts et al., 1998]. 
 The flow system was designed for the sample stream to be analyzed for both background 
CO2 in the carrier gas and total organic carbon. A schematic of the flow system is shown in 
figure 14. The system was designed to cycle between background CO2 measurement and 
standard calibration on a user-defined timescale. Background CO2 measurements are made by 
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flowing the carrier gas through the permeation directly source into the CO2 analyzer bypassing 
the catalyst. Measuring the background in this manner accounts for any CO2 present in the 
carrier gas. This background is subtracted from the total organic carbon measurement. The 
presence of VOCs in the carrier gas must also be corrected for by subtracting a TOC 
measurement of the carrier gas (~ 400 ppbv) prior to addition of a permeation source. The 
catalyst is kept under flow by flushing 10 sccm zero air when the background is being measured.  
 A Beckman Industrial Model 870 NDIR was used to measure the CO2 concentrations for 
most results presented here. Four CO2 standards in ultrapure air (Scott-Marin Inc.) ranging from 
2.065 (± 0.207) ppmv up to 50.1 (± 0.5) ppmv were used to calibrate the NDIR. The results of 
the calibration are shown in figure 15. The precision in NDIR CO2 measurements through the 
calibrated concentration range was ± (1% of the measurement + 30 ppbv). The accuracy of CO2 
measurements through the 2 ppmv to 50 ppmv concentration range was ± (4% of the 
measurement + 400 ppbv). Significant improvements in both precision and accuracy were made 
by substitution of a LI-COR LI-6252 CO2 analyzer and will be presented later in this discussion. 
 This TOC technique has been previously used to calibrate standards from diffusion sources 
for organic acids in the development of negative-ion proton-transfer chemical-ionization mass 
spectrometry (NI-PT-CIMS), chapter II. The diffusion flow system used in that particular study 
was identical to that described in Williams et al. 2000 [Williams et al., 2000]. 
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Figure 15. Calibration of the Beckman 870 nondispersive infrared (NDIR) CO2 analyzer. Four 
CO2 gas standards were used: 2.065 (± 0.207) ppmv, 5.12 (± 0.10) ppmv, 20.07 (± 0.40) ppmv, 
and 50.1 (± 0.5) ppmv. 
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2.2 Instrument description 
 
2.2.1 GC-MS. A custom built gas chromatograph with a quadrupole mass spectrometer detector 
(GC-MS) was used to independently verify the concentrations of two benzene standards 
generated and calibrated by the MOCCS. A detailed description of the GC-MS is described by 
Goldan et al. [Goldan et al., 2004].  The output of the benzene permeation tube was first diluted 
in humidified nitrogen by factors of 9.78 (± 0.11) x10-4 and 8.62 (± 0.11) x10-4.  This was done 
in order to avoid overloading the GC-MS, which normally operates in the pptv to ppbv range.  
The GC-MS collected each sample directly from the diluted sample stream before subsequent 
analysis.  A minimum of 10 replicate samples were analyzed for each benzene concentration 
with an overall measurement precision of 3% or better.  Benzene measured by the GC-MS was 
independently calibrated using more than 20 single- and multi-component VOC mixes over the 
lifetime of the GC-MS. The GC-MS response to benzene as determined from all 20 calibration 
mixes has an overall measurement uncertainty of ± 20%. 
 
2.2.2 OP-FTIR. The open path Fourier transform infrared (OP-FTIR) instrument included a 
Bruker Matrix-M IR Cube spectrometer and a thermally stable open White cell.  The White cell 
path length was set to 58 m.  The spectral resolution was set to 0.67 cm-1 and the spectrometer 
acquired spectra every 1.5 seconds (four co-added spectra).  A pressure transducer and two 
temperature sensors were located adjacent to the optical path and were logged on the instrument 
computer and used for spectral analysis. Mixing ratios were obtained by multi-component fits to 
sections of the IR transmission spectra with a synthetic calibration non-linear least-squares 
method [Griffith, 1996; Yokelson et al., 2007a].  
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2.2.3 PTR-MS. Proton transfer reaction-mass spectrometry (PTR-MS) utilizes proton-transfer 
reactions of H3O+ to detect various atmospheric trace gases, usually as the MH+ ion. PTR-MS 
allows for the detection of numerous volatile organic compounds with high sensitivity (10-100 
pptv) and response time (1-10 s). This technique has been used extensively in aircraft, ground-
based and laboratory studies. A more complete discussion of the PTR-MS system used in this 
study can be found elsewhere [de Gouw and Warneke, 2007].  
 
2.2.4 Gas standards. A detailed list of the standards used in this work is shown in table 2. VOC 
mix 1-4 are high-pressure gas cylinder standards prepared at NOAA ESRL/CSD laboratory using 
gravimetric techniques. The single component error in these laboratory-generated standards is 
estimated to be no greater than 20%. Two high accuracy methane standards that were prepared 
gravimetrically with an uncertainty of ± 0.2% [Dlugokencky et al., 2005] were borrowed from 
NOAA’s Global Monitoring Division (Boulder, CO) and analyzed for TOC. The stated standard 
concentrations of CH4 (a) and CH4 (b) were 5.75 ± 0.11 ppmv and 10.79 ± 0.22 ppmv 
respectively. A laboratory-made benzene permeation source was equilibrated and calibrated by 
MOCCS for analysis.  
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Table 2. Standard gas mixtures 
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2.3 Validation of the MOCCS 
2.3.1 Data analysis. The results of the measurement of a benzene standard generated using the 
MOCCS as an example is shown in figure 16a. Interpolated background measurements are 
subtracted from the total organic carbon measurements to obtain a concentration for the source 
compound. Dividing the result by the number of carbons in the parent molecule (6) gives the 
original standard concentration on a molar basis, assuming a conversion ratio of 1:1 for the 
oxidation of carbon to CO2. The signal after the initial response time is then averaged to obtain 
an average standard concentration for each cycle. Figure 16b shows the stability of the MOCCS 
had a measured precision of better than 1% over 5 days. All of the TOC measured concentrations 
reported here are the averages of a minimum of 10 cycles. The duration of each cycle can be 
readily adjusted to allow for different time responses of the system to various compounds, which 
is dependent on their unique chemical properties (e.g. volatility, polarity, etc.). 
 
2.3.2 Methane conversion to CO2. The results of the two comparisons for the methane standards 
are shown in figure 17a as CH4 (a) and CH4 (b). The TOC determined methane concentration 
was determined as 5.9 ± 0.6 ppmv for CH4(a) and 10.8 ± 0.8 ppmv for CH4(b). The relative 
errors in concentration between the TOC system and provided standard concentration were less 
than 3% in both cases and the two determinations agreed within the stated uncertainties. 
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Figure 16. CO2 measurements showing two complete cycles of background and total organic 
carbon (TOC) measurement of a benzene standard generated by the mobile organic carbon 
calibration system (MOCCS), Figure 16 a. The TOC measurements are shown in black with 
open circles and the background measurements are shown in grey. Subtracting the interpolated 
background and dividing the result by the number of carbon atoms in a benzene molecule (6) 
gives the benzene concentration from the permeation source. After the signal stabilizes, an 
average of the measured signal minus background is taken (shown as the data between the 
dashed line). Shown in Figure 16 b are replicate measurements of the benzene concentration 
made over the course of five days. The average concentration over this time period (38 cycles) 
was determined to be 13.8 ± 0.1 ppmv of carbon (ppmvC) 
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2.3.3 Benzene conversion to CO2. A benzene permeation source in the MOCCS was measured 
using both GC-MS and TOC. The results of the comparison are shown in figure 17b. Two 
permeation temperature settings were used to generate different concentrations, 7.36 ± 0.14 
ppmv and 3.79 ± 0.10 ppmv as measured by TOC. The source output was diluted for analysis 
with GC-MS: dilution factors of 9.78 (± 0.11) x10-4 and 8.62 (± 0.11) x10-4 were used. GC-MS-
measured benzene concentrations, after taking dilution into account, were 7.11 ± 1.42 ppmv and 
3.65 ± 0.73 ppmv respectively. The relative difference between TOC and GC-MS measurements 
is less than 4% for both standards measured.  
 
2.3.4 TOC of VOC standard mixtures. VOC mixtures were diluted such that the TOC falls 
within the calibrated range of the Beckmann analyzer and subsequently analyzed using the 
MOCCS system. Results of the total carbon analysis are shown in figure 18 for each of the VOC 
mixtures available. The CO2 concentration reported is the total carbon concentration of the 
diluted standards (striped bars). Error in the nominal carbon as derived from cylinder values for 
the NOAA generated standards is calculated through the propagation of the error associated with 
each standard component (20%) and is listed in table 2. TOC measured concentrations are shown 
in solid grey. Error (1σ) in the MOCCS measurements shown in figure 17 represent the RMS of 
the standard deviation from the average of multiple TOC cycles (5%), the error associated with 
the calibration of the Beckman NDIR ± (4% of the measurement + 400 ppbv), and error in the 
dilution flows (2%). The agreement for all measurements is within the estimated error of the 
laboratory standards. The absolute error in the calculated nominal carbon concentration in the 
four standards analyzed as measured by MOCCS is less than 15%.  
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Figure 17. Results of the mobile organic carbon calibration system (MOCCS) determined 
methane concentration compared to NOAA’s Global Monitoring Division (GMD) determined 
methane concentration of two standards, Figure 17a. The relative difference between the two 
measurements is 3%. The results of gas chromatograph mass spectrometer (GC-MS) and TOC 
measurements of two benzene standards generated using MOCCS, Figure 17b. The relative 
difference between the two measurements is less than 4%. 
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Figure 18. The results of a total carbon analysis of gas phase VOC standards. The contents of 
each mixture are detailed in table 2. An uncertainty of 20% was assumed for each component in 
the laboratory-generated VOC standards. 
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2.3.5 MOCCS field calibration. MOCCS was recently used during a study preformed at the 
combustion facility at the U.S. Department of Agriculture (USDA) Forest Service, fire sciences 
laboratory in Missoula, MT. A more in-depth discussion of this study can be found in chapter IV. 
Briefly, emissions of controlled laboratory biomass fires were sampled directly from a stack in 
which the fire emissions were completely entrained. A negative-ion proton-transfer chemical 
ionization mass spectrometry (NI-PT-CIMS) instrument was calibrated for formic acid using a 
permeation standard that was generated and calibrated with MOCCS. A PTR-MS instrument was 
calibrated for formaldehyde measurements using MOCCS. Simultaneous measurements of both 
formic acid and formaldehyde were made using open-path Fourier transform infrared 
spectrometer (OP-FTIR) and were used to validate the MOCCS calibration of NI-PT-CIMS and 
PTR-MS instruments. Figure 19 shows a time profile for both formic acid, measured by NI-PT-
CIMS and OP-FTIR, and formaldehyde, measured by PTR-MS and OP-FTIR.  
The results of a comparison of NI-PT-CIMS and OP-FTIR formic acid emission 
measurements from a single laboratory biomass fire are shown in figure 19a. A scatter plot of the 
data shown gives a slope of an orthogonal distance regression of 0.91 ± 0.02 with a correlation 
(R2) of 0.91. This agreement is well within the stated uncertainty of both instruments.  
Figure 19b shows the results of a comparison of PTR-MS and OP-FTIR formaldehyde 
emission measurements from the same laboratory controlled biomass fire shown in figure 19a. 
The slope is 1.06 ± 0.02 with a correlation (R2) of 0.99 from the corresponding formaldehyde 
scatter plot. The detection of formaldehyde by PTR-MS is humidity dependent [Hansel et al., 
1997]; however, the humidity dependence is ignored here, the relative humidity during 
calibration and fire measurements were similar for this particular experiment.  
 
	  	  61	  
 
 
Figure 19. A comparison of NI-PT-CIMS formic acid and PTR-MS formaldehyde measurements 
to simultaneous measurement of formic acid and formaldehyde by OP-FTIR. The NI-PT-CIMS 
instrument was calibrated using a formic acid permeation source that was standardized using 
MOCCS. The PTR-MS instrument was calibrated for formaldehyde measurement with a 
permeation source that was standardized using the mobile organic carbon calibration system 
(MOCCS). 
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A study of the sensitivity of PTR-MS for formaldehyde as a function of humidity is 
beyond the scope of the present work. The agreement between PTR-MS and OP-FTIR in this 
comparison is well within the estimated uncertainty of both instruments. The agreement between 
these two sets of independently calibrated measurements validates the use of the MOCCS for 
VOC standard production and calibration. 
 
2.3.6 Comparison of CO2 analyzers. A recent improvement to the MOCCS was the replacement 
of the Beckman model 870 NDIR CO2 analyzer with a LI-COR LI-6252 CO2 analyzer. The LI-
6252 system utilizes a 4.26 µm (2347.4 cm-1) absorption band for CO2. Various compounds, 
such as isocyanates and alkynes, present a potential interference at this wavelength [Lide, 2005]. 
Additional work is necessary to determine a proper zeroing technique when measuring classes of 
compounds that present interferences. Within the context of this particular study the potential for 
absorption interferences is negligible. Table 3 summarizes the results of a comparison of the two 
CO2 analyzers. Significant improvements in the instrument response times and detection limits 
are observed with the LI-COR analyzer. Figure 20 shows the results of a comparison in formic 
acid response times and detection limits as defined by one complete MOCCS cycle. The formic 
acid response time, defined as the time required for a calibration signal to decay to 10% of the 
initial value when the source is removed, was approximately 90 seconds for the LI-COR 
compared to over 300 seconds for the Beckman analyzer. The detection limit for the compounds 
investigated in this study was determined from a signal-to-noise ratio of 2 as twice the standard 
deviation in the background.  
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Table 3. Performance of MOCCS with the Beckman Industrial Model 870 NDIR and the LI-
COR LI-6252. 
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Figure 20. Formic acid measurement comparison using MOCCS with the Beckman model 870 4 
NDIR CO2 analyzer and the LI-COR LI-6252 CO2 analyzer. The TOC system was set to a 1-
hour cycle between CO2 catalysis measurements and background measurement. Significant 
improvements in both CO2 detection limit and instrument response times are achieved with the 
LI-COR LI-6252 analyzer. It is important to note that the two CO2 measurements are not of the 
same formic acid standard, which explains the difference in left and right axes. 
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 The LI-COR detection limit of 5 ppbv was significantly lower than that of the Beckman 
analyzer, 150 ppbv. The precision in LI-COR CO2 measurements through the calibrated 
concentration range is ± (1% of the measurement + 1 ppbv). The accuracy of LI-COR CO2 
measurements through the 2 ppmv to 50 ppmv concentration range is ± (1% of the measurement 
+ 80 ppbv). In addition to improvements in precision, accuracy and detection limit, the overall 
error from the average of multiple TOC cycles is also reduced from 5% of the measurement to 
1% when using the LI-COR analyzer. These improvements from use of the LI-COR analyzer 
compared to the Beckman NDIR analyzer are significant and show that the accuracy of this 
technique is highly dependent on the type of CO2 analyzer used.  
 
3. Inorganic acid calibrations  
3.1 Inorganic acid sources  
 
NI-PT-CIMS measurements HNO3, HCl, HONO, and HNCO were calibrated either by direct 
addition to the inlet (figure 21) as it was configured for the 2009 biomass burning experiments 
(chapter IV), or after dilution in a 0–20 slpm pre-dilution system that was attached to the inlet 
when needed. Nitric acid was added to the system with a permeation tube, the calibration of 
which was accomplished by UV absorption spectroscopy as described by Neuman et al. 2003 
[Neuman et al., 2003]. Hydrochloric acid was supplied to the system from a high-pressure gas 
standard (Spectra Gases), calibrated by the manufacturer at 10.1 ppmv (± 5%). The standard was 
delivered to the inlet system through a regulator and mass flow controller that had been baked at 
80 ºC and flushed with dry gas to remove surface-adsorbed water.  
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Figure 21. Diagram (not to scale) of the NI-PT-CIMS instrument and associated inlet system 
used for sampling the biomass burning experiments. The gray shading on the inlet line denotes 
the part that was temperature controlled to 80°C. 
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A standard stream of HONO was produced by passing the HCl standard through a bed of 
NaNO2, that had been humidified by a separate stream of air, and thermostated to 40 ºC (Figure 
22a). This method was modeled on the work of Febo et al. [Febo et al., 1995], and the work of 
Schiller et al. [Schiller et al., 2001] who showed that the carrier gas must be humidified or the 
NaNO2 dries out and the conversion efficiency drops. All of the components were made portable 
to permit the system to be transported between laboratories. The NaNO2 reactor bed consisted of 
approximately 2 grams of the granular material mixed with 3mm glass beads (to ensure porosity) 
packed in an 8 cm long x 9.5mm I.D. PFA Teflon tube. The reactor was wrapped with a heater 
and insulation and connected to the system with PFA fittings. The exit flow of the HONO source 
was in the range of 60 sccm and contained HONO mixing ratios in the range of 900 ppbv, which 
was diluted into larger flows for analysis.  
A thermal decomposition/diffusion source was constructed to provide a stable stream of 
HNCO in air (figure 22b). Thermal decomposition of solid cyanuric acid at 210 ºC provides a 
convenient and relatively clean source of HNCO [Belson and Strachan, 1982], which then 
diffuses through a capillary (1 mm i.d., 5 cm length) and is mixed with a small flow (50 sccm) of 
zero air. The system was designed so that the entire capillary was kept at temperature and the gas 
stream allowed to cool only after mixing to lower concentrations since HNCO is known to 
polymerize at high concentrations [Fischer et al., 2002]. No condensed material was observed in, 
or downstream of, the mixing volume.  
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Figure 22. Systems used to produce dilute streams of HCl and HNO2 (a), and HNCO (b) for the 
calibration of the NI-PT-CIMS instrument. 
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Several independent calibration methods were used for compounds generated as 
described above. Total odd nitrogen (NOy) was quantified by the catalytic conversion of HONO 
to nitric oxide (NO), which is measured by O3 chemiluminescence. The conversion efficiency of 
HONO has been found [Febo et al., 1995] to be the same as that of nitrogen dioxide, (> 98%), 
which is measured routinely as part of the operation of the NOy system. HONO and NO2 outputs 
from the calibration source were measured using an incoherent broadband cavity enhanced 
absorption spectrometer (IBBCEAS) [Washenfelder et al., 2008]. IBBCEAS employs broadband 
light that is coupled into a high-finesse optical cavity to achieve a long effective pathlength, and 
has been used previously for measurements of HONO [Gherman et al., 2008; Langridge et al., 
2009]. The IBBCEAS instrument was modified for spectral measurements in the 357–372 nm 
region using a Nichia NCSU033A(T) UV LED and cavity mirrors (Advanced Thin Films) with 
manufacturer reported transmission of 0.0082% at their nominal center wavelength 362 nm. A 
commercial laboratory FTIR spectrometer that has a 4.8 m folded-path cell was used to analyze 
the HNCO source output, and was operated at room temperature (25 ºC) and pressure (625 Torr). 
 
3.2 Nitrous acid (HONO) 
 
The nitrous acid source was assembled as shown in figure 22 and was measured several 
times over the course of 10 days while the HCl standard and humidified air were flowing 
continuously. This time period was found to be essential for the proper equilibration of this 
source, probably because of the equilibration of HCl on the metal surfaces of the system. At the 
end of 10 days the NOy, and IBBCEAS determination of the HONO standard were compared to 
the concentration expected from complete conversion of the HCl standard.  
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Table 4. Results of the HONO source calibration. 
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 The results of the HONO comparison, given in table 4, show quantitative agreement of 
the measurements with the expected value, within the stated uncertainties. These observations 
confirm the work of Febo et al. 1995 [Febo et al., 1995] wherein similar quantitative conversion 
was obtained. In addition, these results imply little or no production (< 4.5%) of ClNO as 
described by Perez et al. 2007 [Perez et al., 2007] for a similar HCl-based HONO source.  
The HONO source was added to the high flow dilution system and was sampled by the 
CIMS instrument as configured for biomass burning measurements. Dilution conditions were 
then adjusted to provide a range of HONO mixing ratios. The CIMS signal for NO2−  (mass 46) 
as a function of time is shown in figure 23a for one such experiment. The entire system 
equilibrated rapidly under both dry and humidified (30% RH at 298 K) conditions, as indicated 
by the time constant for decay of the HONO signal (2.5 s), when the source was removed from 
the system. This is an excellent time response considering the amount of surface area comprised 
by the inlet tubing and associated fittings. The sensitivity of the system to HONO was 
approximately 4 cts pptv-1 and was only slightly dependent on water vapor, as shown in figure 
23b. The detection limits for a HONO measurement with this system is dependent on the 
statistics of the background counts at mass 46 that arise from the inlet, ion source, and ion flow 
tube. The system as it was deployed in the biomass burning studies had an estimated detection 
limit of 200 pptv (2 standard deviations, 1-s data). The system, as configured for ambient 
measurements, e.g. higher inlet flow, no dilution, has HONO sensitivities on the order of 10 cts 
pptv-1 and a corresponding detection limit of 35 pptv (S/N = 2, 1 min) assuming the mass 46 
background is the same as that during the calibration studies (~ 6100 Hz). These performance 
characteristics are summarized in table 5.  
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Figure 23. Panel (a) shows the response of the NI-PT-CIMS instrument to the HONO standard 
(gray line), introduced through the entire inlet. The simple exponential fit to the HONO signal 
when the standard was removed (dashed line) is also shown. Panel (b) shows the results of 
HONO calibrations under dry (squares) and 30% humidity (triangles). 
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Table 5. Summary of sensitivities, detection limits and time constants. 
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One source of interference for HONO could be nitrite produced from HNO3 or nitrate in 
the reaction flow tube. In previous studies using HNO3·NO3− clusters as reagent ions in the CIMS 
detection of sulfuric acid, Tanner et al. 1997 [Tanner et al., 1997] have shown that a small 
number of nitrite ions are produced from the collisional dissociation of those clusters. The 
possible contribution of this effect can be quantified in the current work from the NO2- signal 
observed when HNO3 was added for calibration. Figure 24 shows a signal at mass 46 
corresponding to approximately 1% of the added HNO3. The magnitude of this interference, 
while minor, might be reduced further through adjustment of the de-clustering conditions used in 
the collisional dissociation chamber (CDC). Another known interference is production of HONO 
on surfaces exposed to NO2 and H2O [Sakamaki et al., 1983]. This possibility was examined 
through the introduction of a gas-phase NO2 standard to the humidified inlet stream. In this case, 
a high concentration NO2 stream (25 ppbv) produced a signal at mass 46 corresponding to 3.5% 
of what the same concentration of HONO would produce. The surface chemistry that governs 
this interference has been the subject of considerable research ([Kleffmann and Wiesen, 2008] 
and references therein), and evidence suggests that the mechanism may be second-order in NO2 
and that the amount and nature of inlet surfaces can have a large effect on the extent of HONO 
production. Application of our technique to ambient measurements will require careful 
consideration of these inlet issues. 
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Figure 24. The response of the NI-PT-CIMS instrument to addition of the nitric acid standard 
directly before the ion flow tube. The nitric acid signal is shown in gray, the system response to 
removal of the nitric acid can be fit with a double exponential (dashed line). The signal in the 
nitrous acid channel (mass 46) is shown as open circles with the solid black line denoting the 60-
s average. 
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Figure 25. A typical NI-PT-CIMS mass scan of acids released during biomass burning 
experiments at the fire sciences laboratory. Shown here are results from Fire #64, a sample of 
pine litter and duff from Fort Benning, GA, acquired with no dilution, beginning at 4 minutes 
after ignition. The spectrum was normalized so that the acetate ion signal was 106 counts. 
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3.3 Isocyanic acid (HNCO) 
 
The large signal at mass 42 observed in the biomass burning study, chapter IV, was initially a 
surprise (Figure 25). Absent decomposition of a larger ion, which is unlikely using acetate as 
primary ions, some possible structures for this ion were NCO−, CNO−, or N3−. The CNO− ion 
would result from fulminic acid (HCNO), and the N3- ion from hydroazoic acid, both of which 
are highly unstable in both the gas-phase and condensed-phase (i.e. salts) and are therefore 
unlikely to be present. The NCO− ion could arise either from HOCN, cyanic acid, or HNCO, 
(isocyanic acid). While cyanate salts, such as sodium cyanate (NaOCN), are known to be stable, 
they evolve HNCO vapor upon acidification [Fischer et al., 2002], and HNCO has been shown 
to be the most thermodynamically stable of the possible CHNO isomers [Mladenovic and 
Lewerenz, 2008]. There are several studies of the pyrolysis of biomass, coal, and polyamides, 
that have unambiguously identified HNCO as a major product by infrared spectroscopy [Nelson 
et al., 1996; Hansson et al., 2004]. As a result of these studies and the above chemical 
considerations, the signal at mass 42 is assigned to HNCO.  
 The portable isocyanic acid calibration source stabilized within a few hours, based on the 
CIMS signal at mass 42. The output of the source was then placed in the laboratory FTIR system 
and measured repeatedly until the spectra were constant. Figure 26 shows two consecutive 
spectra, taken 20 min apart, of the HNCO source stream in the 2050 - 2400 cm−1 region. A 
reference spectrum from the Pacific Northwest National Laboratory (PNNL) infrared database 
[Sharpe et al., 2004; Johnson et al., 2009; Johnson et al., 2010] is also shown. The FTIR spectra 
show that the source was stable within a few percent during the time it was analyzed. The source 
has substantial CO2 content (2300 - 2400 cm−1) probably from reaction with trace amounts of 
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water, but virtually no carbon monoxide (2200 -2050 cm−1), allowing quantitative measurement 
of the HNCO content by FTIR. The trace P-branch lines from naturally occurring 13CO2 present 
a slight interference to analysis, but as seen in figure 26, quantification is still possible. Several 
other methods were tried to quantify the output of this standard; the MOCCS method returned 
un-realistically high and variable signals due to CO2 coming out of the source. The NOy system 
exhibited almost no sensitivity to HNCO under the catalyst conditions used (325 ºC,  
molybdenum oxide catalyst), consistent with the small conversion of hydrogen cyanide (HCN) 
[Dickerson, 1984]. 
The re-introduction of the HNCO source to the NI-PT-CIMS instrument resulted in a 
signal that was within 3% of the signal before FTIR analysis, confirming the stability of the 
diffusion source. The HNCO concentration was then adjusted by changing the dilution of the 
high flow inlet. The CIMS response to a series of different concentrations is shown in figure 27a. 
The response was measured in dry air and the resulting calibration plot is shown in figure 27b. 
When the instrument is configured in the ambient measurements mode, the sensitivity of the 
system to HNCO was 16 Hz pptv-1, greater than that for HONO or formic acid. There was only a 
small difference in the response to dry vs. humidified samples, indicating no significant role of 
water vapor in the underlying ion chemistry. Detection limit of the HNCO measurement as 
configured for ambient measurement would be 16 pptv (S/N = 2, 1 min) if the instrument 
background were the same as that during the calibration study (~3300 Hz).  
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Figure 26. Two consecutive infrared spectra of the HNCO source output (red, blue) and the 
reference spectrum from the Pacific Northwest National Laboratory (PNNL) database (black). 
 
 
 
 
 
 
	  	  80	  
The time response of HNCO in the CIMS system can be characterized from the drop in 
the signal when the HNCO calibration is removed. Figure 27a shows this decrease along with a 
fit to a double-exponential equation. In this case, most of the drop in signal was accounted for 
with a time constant of 2.3 s. There was a longer “tail” in the signal that had a time constant of 
48 s. Both time constants are longer than the residence time of the inlet (< 0.5 s). Nevertheless 
these surface effects play only a minor role in the case of HNCO and do not significantly affect 
the time constant of the measurement.  
 Measurements of HNCO have been limited to pyrolysis and combustion studies and some 
industrial hygiene studies in factories that work with isocyanate polymers. The methods include 
FTIR that is rapid and specific [Hansson et al., 2004], sample condensation and derivatization 
with a reagent containing an HO- or HNR- group [Karlsson et al., 2001], and selective 
hydrolysis and detection as NH3 [Kröcher et al., 2005]. All of these methods are limited either 
by low inherent sensitivity, or require significant sample collection times. The CIMS method 
presented in this work constitutes a significant advance in HNCO measurement capability and 
will provide rapid and sensitive ambient measurements of this compound. 
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Figure 27. NI-PT-CIMS measurement of an isocyanic acid (HNCO) standard. Panel (a) shows 
the response of the NI-PT-CIMS instrument to the HNCO standard (gray line), introduced 
through the entire inlet. A double exponential fit to the HNCO signal when the standard was 
removed (dashed line) is also shown. Panel (b) shows the results of HNCO calibrations under dry 
(circles) and 30% humidity (triangles) conditions. 
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3.4 Hydrochloric and nitric acids (HCl and HNO3) 
 
Several HCl and HNO3 calibration experiments were performed with both the diluted and 
un-diluted inlet, and with and without pre-dilution. Virtually no HNO3 signal could be detected 
when the standard was added to the front of the biomass burning inlet. Only addition of HNO3 
directly in front of the ion flow tube produced a signal that equilibrated in a reasonable length of 
time (10 to 20 min) (figure 24). These observations are qualitatively consistent with the results of 
Neuman et al. [Neuman et al., 1999] who showed that HNO3 adsorption on inlets can be 
substantial. The time constant for decay of the HNO3 signal when the HNO3 standard was 
removed from directly in front of the flow tube was approximately 8 min. We conclude that 
while the method has intrinsically good sensitivity towards HNO3 (see figure 24), the inlet used 
did not permit measurement of this species in the biomass burning experiment.  
Hydrochloric acid exhibited better behavior (measurable signals in any inlet 
configuration), however inlet equilibration times were still quite long (> 90 s). The intrinsic 
sensitivity of this method for HCl is good (2–4 cts pptv-1), but the inlet configuration is 
significant due to long inlet response times. 
 
4. Conclusion     
 
 A portable system for the dynamic production and calibration of gas phase VOCs has been 
developed. We use a combination of catalytic reduction of VOCs to CO2 and the subsequent 
measurement of the CO2 produced by an NDIR analyzer to standardize calibration sources. We 
have validated the TOC measurement technique through total carbon analysis of two high 
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accuracy methane standards showing excellent agreement with 3% absolute error. MOCCS was 
validated further by the production and subsequent calibration of a benzene standard by GC-MS 
and TOC with excellent agreement (< 4% relative difference). Four laboratory prepared mixed 
VOC gas-phase standards were analyzed for TOC and shown to be accurate to within 15%. The 
MOCCS system is relatively inexpensive to develop in laboratory. It allows for dynamic 
generation and calibration of pure compounds, such as acids, which are not well suited for other 
commonly used standard generation processes. While we have shown this technique to be 
effective for pure hydrocarbons and simple oxy-hydrocarbons, studies of VOCs containing 
heteroatoms, such as nitrogen, must be performed to validate the efficacy of this method for 
these compounds. MOCCS is also somewhat limited in its applicability as S- and Cl- containing 
compounds are known to have the potential of deactivating such oxidation catalysts and as such 
may not be amenable to this technique. MOCCS is particularly well suited for field deployment, 
as it is completely mobile. This technique represents a novel advancement in gas phase standard 
production and calibration for both VOCs and potentially SVOCs.  
The NI-PT-CIMS technique has been applied to the common volatile inorganic acids, 
HCl, HONO, and HNO3, and the pyrolysis product isocyanic acid (HNCO), and was found to 
provide a rapid and sensitive means for their measurement in the atmosphere. A high-pressure 
gas cylinder was used for the calibration of HCl, and a permeation source was used for HNO3 
calibrations. We have shown the successful development of a HONO calibration source utilizing 
the reaction of HCl over a humidified bed of sodium nitrite. We have also developed a diffusion 
source of HNCO by using the thermal decomposition of cyanuric acid. Intrinsic sensitivities to 
the inorganic acid species was quite good (6 - 16 ion cts pptv-1) and the corresponding detection 
limits were reasonably low (16 - 50 pptv) compared to atmospheric levels. Detection limits were 
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limited by system backgrounds at the ion of interest, hence are subject to improvements in ion 
source and flow tube cleanliness. The system, as configured for biomass burning experiments, 
had unacceptably long surface equilibration times for HNO3 and HCl, but permitted rapid 
response (< 2.5 s) to HONO and HNCO. Application of this CIMS method to ambient 
measurements will require careful attention to inlet temperature and materials, zeroing, 
calibration and interference issues. 
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CHAPTER IV 
 
BIOMASS BURNING EMISSIONS 
 
1. Introduction 
 
Biomass burning is a significant source of atmospheric gases and particles. It occurs 
naturally in wildfires and is also employed by over half the world population for cooking, land 
clearing, heating, lighting, and other uses [Crutzen and Andreae, 1990]. In the U.S., prescribed 
fires are widely used to accomplish many beneficial land management objectives such as 
reducing the danger of larger, more destructive wildfires [Mutch, 1994]. Biomass burning 
emissions strongly affect regional air quality, and can also be transported over large distances to 
impact regions distant from the source [Bytnerowicz et al., 2009; Warneke et al., 2009]. 
Characterization of smoke emissions produced by the wide range of fuels commonly burned 
must be performed to understand and manage the effects of biomass burning emissions on 
regional-global atmospheric chemistry. The most abundant compounds emitted to the 
atmosphere by biomass burning are water vapor, carbon dioxide (CO2), and carbon monoxide 
(CO); however, there are thousands of additional compounds emitted in smoke plumes. Previous 
studies have shown that oxygenated volatile organic compounds (OVOCs) account for most of 
the nonmethane organic carbon (NMOC) released from biomass fires [Yokelson et al., 1996; 
Yokelson et al., 1997; Christian et al., 2004; Karl et al., 2007]. Many of these compounds remain 
poorly characterized due to analytical challenges. As a result, the individual contributions to the 
total OVOC component of biomass emissions are poorly understood. Measurements of this class 
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of compounds are needed to accurately set initial photochemical model conditions that assess the 
local and long-range transport effects of smoke. 
One poorly understood, but significant class of OVOCs present in biomass burning 
smoke are the gas-phase organic acids [de Gouw et al., 2006; Yokelson et al., 2008].  Previous 
work has shown that the formation of both secondary organic aerosol (SOA) and organic acids in 
urban plumes is more rapid than box models can explain [de Gouw et al., 2005; Volkamer et al., 
2006; Grieshop et al., 2009]. In addition, analysis by aerosol mass apectrometry (AMS) suggests 
that a significant fraction of SOA consists of organic acids [Takegawa et al., 2007]. These two 
observations suggest that organic acids could be intimately involved with SOA formation and, 
therefore, that direct emission of organic acids from biomass burning could represent a 
significant source of precursors for SOA [Carlton et al., 2006; Walser et al., 2007]. 
Unfortunately, however most gas phase organic acids have been extremely difficult to measure 
because of their adsorptive nature and a lack of sufficiently selective instrumentation.  
The development of chemical-ionization mass spectrometry techniques has been essential 
to our undetstanding of the chemical composition of various air masses [Viggiano, 1993; Huey, 
2007]. Specifically, negative-ion chemical-ionization mass spectrometery techniques (NI-CIMS) 
have improved our ability to measure many atmospherically relevant species [Viidanoja et al., 
1998; Amelynck et al., 2000; Custer et al., 2000; Viidanoja et al., 2000]. As shown in chapter II, 
negative-ion proton-transfer chemical-ionization mass spectrometry (NI-PT-CIMS) has 
improved the prospects for measuring acidic species [Veres et al., 2008]. An opportunity to 
sample biomass burning smoke with NI-PT-CIMS was presented in February of 2009 at the 
combustion facility of the U.S. Department of Agriculture (USDA) fire sciences laboratory in 
Missoula, MT to obtain better information about the atmospheric impacts associated with 
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prescribed burning in various ecosystems of the southwest and southeast U.S.  In the course of 
this work the NI-PT-CIMS also detected significant emissions of several important inorganic 
acids such as nitrous acid (HONO) and isocyanic acid (HNCO). We present the emission ratios 
of 9 important gas-phase acids to CO measured during 34 biomass fires burned in the 
combustion facility of the Missoula Fire Sciences Laboratory. Atmospheric implications of the 
measurements will be discussed, including the potential of the measured organic acids to 
contribute to SOA formation and of the measured HONO to affect OH levels in biomass burning 
plumes. In this chapter, we present a validation of our NI-PT-CIMS measurements through a 
direct comparison to open-path Fourier transform infrared spectroscopy (FTIR) measurements of 
both formic acid and HONO. 
 
2. Experimental Details 
2.1 Combustion facility  
 
The combustion facility at the U.S. Department of Agriculture (USDA) Forest Service, 
fire sciences laboratory in Missoula, MT has a large burn chamber (12.5 m x 12.5 m x 22 m 
high). Fuels are burned on a ~2 m2 bed below a 1.6 m diameter exhaust stack with a 3.6 m 
inverted funnel opening [Christian et al., 2003; McMeeking et al., 2009]. The room is 
pressurized with temperature and humidity conditioned air, which is vented through the stack, 
completely entraining any emissions from the fires. A sampling platform surrounds the stack, at 
a height of 17 m, and the temperature, pressure, trace-gas, and particle measurement equipment 
was installed here except for a PTR-MS and a Gas Chromatography Mass Spectrometer (GC-
MS) that were located in an adjacent observation room. Previous work has shown that fire 
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emissions are well mixed in the stack at the height of the sampling platform [Christian et al., 
2004]. Residence times in the stack ranged from 5 to17 seconds throughout the measurement 
period [Burling et al., 2010]. 
 
2.2 Biomass fuels 
 
 Table 6 summarizes information on each type of fuel burned. Fuels were collected to 
represent regional vegetation from the southwestern U.S. and southeastern U.S. Fuels collected 
from both regions were shipped to the fire sciences laboratory and carefully reassembled in the 
facility based on photographs and mass/acre measurements.  
 The southwestern fuels were chosen to accurately reflect the predominant vegetation at 2 
California facilities managed by the Department of Defense (DoD) (Vandenberg AFB and Fort 
Hunter-Liggett). Approximately 5.7 million hectares (17%) of California’s vegetation is 
classified as brush with a significant percentage known as the shrub complex chaparral. Several 
common species comprise the bulk of plants and were selected as the predominant southwestern 
biomass fuels for this study: chamise (Adenostoma fasciculatum), ceanothus (Ceanothus spp.), 
manzanita (Arctostaphylos spp.), and scrub oak (Quercus berberidifolia). Fuels from the 
southeastern U.S. were collected from Camp Lejeune in North Carolina and Ft. Benning in 
Georgia. The ecosystems found at Camp Lejeune are good proxies for the ecosystems that 
dominate DoD bases throughout the southeastern U.S. Two examples of typical vegetation 
communities present in this region are (1) a low live fuel component comprised of long-leaf pine 
savanna community dominated by oak, wire grass, pine needle litter, and dead woody fuel, and 
(2) high or tall pocosin shrub-dominated, a significant live fuel component, leaf litter, and duff.  
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Table 6. Fires and fuel types sorted by region. 
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2.3 NI-PT-CIMS Measurements 
2.3.0 Gas Inlet System 
 
 The NI-PT-CIMS instrument sampled biomass burning emissions through a bulkhead 
plate on the combustion stack at the height of the sampling platform. A 1/4” (0.64 cm) o.d. 
stainless steel tube was installed on the interior of the stack pointed straight up to minimize the 
amount of particles sampled during a fire. A 1/8” (0.32 cm) o.d. PFA Teflon tube was inserted 
inside the stainless tubing and attached to the CIMS inlet on the external side of the bulkhead.  
The section of the CIMS inlet external to the stack is shown in figure 28. The inlet consisted of 3 
m of 1/8” (0.32 cm) o.d. PFA Teflon tubing that was temperature controlled to 80ºC. The last 0.3 
m of the inlet was pressure controlled to 300 Torr.  
 In un-diluted smoke, large concentrations of reactive acids caused reductions in the 
acetate ion concentration of > 50%, which caused the instrument response to become non-linear. 
A detailed discussion of the ion kinetics in a reagent ion depleted system is presented in chapter 
I. In order to reduce this effect, a multistage dilution system was designed to decrease the mixing 
ratio of sampled emissions in the NI-PT-CIMS instrument. A N2 dilution stream was added at 
two junctions in the main inlet line to reduce the sampled concentration by a factor of 35.  
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Figure 28. Schematic diagram of the NI-PT-CIMS inlet used during the fire sciences laboratory  
study. Air is sampled from the smoke stack (~300 sccm) through a 1/8” (0.32 cm) Teflon line 
and diluted using dry N2. A pressure controller (PC) and flow meter (FM) are used in series to 
control the last 0.3 m of the inlet to a pressure of ~ 400 mbar. Approximately 100 sccm of dilute 
stack flow is mixed with ~ 400 sccm dry N2 in a secondary dilution stage. A catalytic converter 
(CC) can be switched in line to provide instrument backgrounds. The entire length of the inlet is 
controlled to 80ºC.  
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2.3.1 Calibrations 
 
Calibrations of NI-PT-CIMS were performed using the inlet shown in figure 28 in the 
NOAA laboratory and at the fire sciences laboratory. Calibration gases were added to the front of 
the inlet to account for inlet losses and dilution. Most inorganic and organic acid standards for 
the compounds measured during the study were developed and used for calibration in the 
laboratory subsequent to the fire sciences laboratory mesurements (chapter III). Table 7 contains 
a complete list of the species that were calibrated and the types of sources used. Also contained 
in table 7 are the source calibration methods used, errors associated with each calibration 
method, and instrumental detection limits. 
Standard mixtures of inorganic acids, HONO and HNCO, were produced in real-time 
using sources that have been discussed, chapter III. Briefly, HONO was generated by flowing 
gaseous HCl over a bed of sodium nitrite in the presence of water vapor. Isocyanic acid was 
generated by heating cyanuric acid to 210ºC in a glass capillary diffusion cell.  
Organic acid calibrations were done by passing zero air over a thermostated permeation 
source or through a diffusion cell containing the pure substance. The MOCCS method with 
which these sources were calibrated was discussed in chapter III. In short, the organic acid 
standard stream, in air, is passed over a heated palladium catalyst oxidizing the acid to CO2 with 
a 1:1 conversion of each carbon to CO2. The resulting CO2 is measured by non-dispersive 
infrared spectroscopy (NDIR) and the organic acid concentration can be calculated.  
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Table 7. Calibration source types, uncertainties, and instrumental detection limits. 
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 A formic acid permeation source calibrated using the above mentioned method was used 
as the primary standard for field calibration of the NI-PT-CIMS response. To account for 
instrumental drift and changes in the dilution, multiple formic acid calibrations were performed 
per day, throughout the study and were constant to within ± 20%. Laboratory calibration factors 
(CFacid) for all other acids were normalized to a simultaneously measured formic acid calibration 
factor (CFformic). These calibration ratios (Facid = CFacid/CFformic) were collected under relative 
humidity conditions ranging from 0-100%. Average sensitivity from replicate measurements at 
various relative humidity settings are shown in figure 29 as a function of gas phase acidity. The 
variability in measured sensitivities is within the calibration source error, table 7, and as such we 
conclude that no significant effects of water vapor were observed.  
Mixing ratios were calculated using the following equation: 
 
   
€ 
[HA] =106 × [A
−]
[PI−]× Facid ×CFHCOOH        (17) 
where [A-] is the measured ion signal of the acid of interest, [PI-] the effective primary ion signal 
(i.e. the sum of ions that will produce A- in reactions with HA) and CFHCOOH the formic acid 
calibration factor measured in the field. Using this technique, any instrumental drift in sensitivity 
should be accounted for by normalizing to the formic acid sensitivity. Based on the variation of 
Facid measured and taking into account the daily variation in formic acid calibrations (CFHCOOH ≈ 
140 ± 20% Hz ppbv-1) an error of ± 25% has been assigned to acid concentrations calculated 
using this method.  
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Figure 29. Summary of organic acid calibrations (NI-PT-CIMS) normalized to formic acid 
graphed versus gas phase acidity (∆G) [Linstrom and Mallard, 2010]. The gas phase acidity of 
acetic acid is 341.5 kcal/mol.  Errors shown above reflect one standard deviation on the average 
of replicate sensitivity measurements where possible. In the case where error bars are not shown 
only a single calibration point was measured. 
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2.4 OP-FTIR 
 
The open path Fourier transform infrared (OP-FTIR) instrument included a Bruker 
Matrix-M IR Cube spectrometer and a thermally stable open White cell.  The White cell was  
positioned on the sampling platform approximately 17 m above the fuel bed so that it spanned 
the stack directly in the rising emissions stream.  The White cell path length was set to 58 m.  
The spectral resolution was set to 0.67 cm-1 and the spectrometer acquired spectra every 1.5 
seconds (four co-added spectra) beginning several minutes prior to the fire and continuously 
until the end of the fire.  A pressure transducer and two temperature sensors were located 
adjacent to the optical path and were logged on the instrument computer and used for spectral 
analysis. 
The acquired spectra were analyzed offline for CO2, CO, H2O, N2O, NO2, NO, HONO, 
NH3, HCl, SO2, CH4, CH3OH, HCHO, HCOOH, C2H2, C2H4, CH3COOH, HCN, propylene and 
furan.  Mixing ratios were obtained by multi-component fits to sections of the IR transmission 
spectra with a synthetic calibration non-linear least-squares method [Griffith, 1996; Yokelson et 
al., 2007a].  Excess mixing ratios were calculated by subtraction of a 60 second average mixing 
ratio prior to the ignition of the fire. 
2.5 PTR-MS 
 
PTR-MS utilizes proton-transfer reactions of H3O+ to detect various atmospheric trace 
gases, usually as the protonated parent (MH+) ion. PTR-MS allows for the detection of numerous 
volatile organic compounds with high sensitivity (10-100 pptv) and response time (1-10 s). This 
technique has been used extensively in aircraft, ground-based and laboratory studies. A more 
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complete discussion of the PTR-MS system used in this study can be found elsewhere [de Gouw 
and Warneke, 2007].  
During this study, a PTR-MS was located in an observation room outside the main 
combustion chamber. Both NI-PT-CIMS and PTR-MS sampled from the same bulkhead plate on 
the combustion stack. Inside the stack an upward facing inlet identical to the one described for 
the NI-PT-CIMS was used. The sample line consisted of approximately 20m of unheated 1/4” 
o.d. PFA Teflon with a flow of 8 slpm. The PTR-MS sub-sampled (~ 200sccm) from this main 
flow through 1/8” heated PEEK tubing.  
 
3. Results 
 
Measurements of formic acid were performed using the three techniques discussed in this 
study. We report NI-PT-CIMS vs. OP-FTIR and NI-PT-CIMS vs. PTR-MS comparisons for 
HCOOH measurements of all fuels where a comparison is possible. Also, NI-PT-CIMS and OP-
FTIR measurements of HONO are compared when possible. Comparison of the various methods 
will be reported as the slope of the orthogonal distance regression. Average NI-PT-CIMS 
emission ratios of the various species measured to CO are also reported. Various unknown m/z 
ion signals observed throughout the study will be discussed and an identity suggested when 
appropriate. 
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Figure 30. NI-PT-CIMS analysis of a typical laboratory fire (fuel type 2-yr rough North 
Carolina) taken in selected ion mode. The acid data shown are one second measurements 
acquired every 10 seconds. CO and CO2 data is taken from OP-FTIR.  
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3.1 NI-PT-CIMS Measurement Modes 
 
NI-PT-CIMS has two different modes of operation that were used during this study. The 
primary method that was used during the fires was selected ion mode. In selected ion mode, up 
to ten masses can be monitored sequentially over a period of 5 sec. Figure 30 shows an example 
of data collected while operating in selected ion mode. Figure 30 illustrates the simultaneous 
increases in the mixing ratios of many acids during one burn, along with CO and CO2 measured  
by OP-FTIR. For this particular fuel, the flaming stage (CO2, HONO) lasted only a few minutes 
and the smoldering stage (CO, organic acids) less than an hour. This data is then used to 
calculate the emission ratios reported here. In addition to operating in this selected ion mode, 
several full mass spectra were taken scanning from m/z 10 to m/z 225. This was done to survey 
which compounds were present in the smoke. Figure 31 shows the result of several full mass 
scans taken throughout a given fire. The benefit of this operating mode is the ability to identify a 
larger number of compounds than selected ion mode allows.  
The selective nature of this measurement technique limits the number of possible reactive 
compounds yielding ions at a given m/z ratio. Gas phase acidities can be used to limit the 
possible identities of unknown m/z signals. The soft nature of the ionization process limits 
fragmentation further simplifying the process of identification. In some cases, such as HONO 
that is detected as NO2- (m/z 46), isotopic analysis can be used to support a proposed identity. 
Once an identity is suggested, laboratory studies of pure standards are used to verify the 
appearance of the product ion at the specific m/z and quantify the instrument response.  
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Figure 31. Successive full mass scans (NI-PT-CIMS) taken at various stages in a fire (fuel type 
Georgia litter) with proposed identities of the signal observed at the listed m/z ratio. Spectra have 
been normalized to 106 counts per second of m/z 59 (CH3C(O)O-).   
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3.2 Inter-comparison of formic acid measurements  
 
A comparison of NI-PT-CIMS and OP-FTIR formic acid measurements was possible for 
34 of the fires sampled. Although more than 34 fires were sampled, the remainder of the fires 
were not included in this comparison due to data loss as a result of interruptions in the selected 
ion mode caused by the acquisition of full mass spectra. The results of the formic acid 
comparison for each individual fire are summarized in figure 32. Figure 33a shows a correlation 
plot of NI-PT-CIMS/OP-FTIR formic acid measurements of the combined data for  
the 34 fires. The NI-PT-CIMS/OP-FTIR formic acid ratio, i.e. the slope of an orthogonal 
distance regression, is 0.90 ± 0.01 with a correlation (R2) of 0.97 for the combined fire data. The 
agreement between these two measurements in the overall data set is well within the estimated 
uncertainty of both instruments. 
The comparison between NI-PT-CIMS to PTR-MS for the duration of the study is shown 
in figure 33b. The NI-PT-CIMS/PTR-MS ratio is 1.38 ± 0.01 with a correlation (R2) of 0.98. The 
underestimation of formic acid concentration by PTR-MS is probably due to inlet losses. As 
discussed in chapter II, formic acid losses of approximately 25% were observed across an 
unheated 10 m Teflon inlet. We attribute inlet losses to surface deposition and diffusion into the 
Teflon tubing although specific loss mechanisms have not been studied. Extrapolating the formic 
acid loss to an inlet length of 20m suggests losses of up to 44%. In a similar study, a 60% 
reduction in formic acid was observed in PTR-MS measurements when compared to OP-FTIR 
[Christian et al., 2004].  
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Figure 32. Summary of the NI-PT-CIMS and FTIR comparison data for all the fires reported. 
Data shown are the slopes and R2 values acquired from an ODR fit of FTIR and CIMS data for 
each fire.   
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Figure 33. Comparison plot of NI-PT-CIMS to FTIR (a), and PTR-MS (b) formic acid 
measurements for the total combined fire data for all 34 fires sampled.  
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3.3 Inter-comparison of HONO 
 
 The results of the HONO comparison for each individual fire are summarized in figure 
32. The NI-PT-CIMS vs. FTIR HONO ratio from the orthogonal distance regression, figure 34, 
was 1.19 ± 0.01 with a correlation (R2) of 0.99 for the combined data from 34 fires. Figure 34 
shows a systematically higher measurement for the NI-PT-CIMS HONO in the fires, although 
the difference is still within the combined uncertainties. This difference could occur for one or 
more of the following reasons: (1) an error in the CIMS calibration factor used for HONO, (2) a 
potential interference in the CIMS measurement due to production of HONO in the CIMS inlet, 
or (3) error in the FTIR retrievals.  
Several potential interferences in HONO measurements have been examined, chapter III, 
including decomposition of HNO3•NO3- clusters within the CIMS, and NO2-water production on 
inlet surfaces. As previously mentioned these effects are quite minor (≤ 1%, 3.3%, respectively) 
at the levels observed in the fires.  
 
3.4 Emission ratios  
 
NI-PT-CIMS emission ratios (ER) were calculated using the method described by 
Yokelson et al. 2007 [Yokelson et al., 2007a]. Emission ratios are a widely used quantity where 
excess mixing ratios (∆X) are calculated relative to a simultaneously measured mixing ratio for 
another plume species: usually a tracer such as ∆CO. CO mixing ratios by FTIR were used to 
calculate emission ratios for the acids measured with NI-PT-CIMS. The acidic species measured 
here were not always tightly correlated with CO over the course of one fire.  
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Figure 34. Comparison plot of NI-PT-CIMS and FTIR HONO measurements for the total 
combined fire data for every fuel type sampled 
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We obtained ratios for NI-PT-CIMS compounds with respect to CO from the integrated 
mixing ratios (in ppb•s) for each fuel. Table 8 shows the average molar emission ratios measured 
for each fuel type sampled. When possible, the data shown are averages of replicate 
measurements of the fuel listed. An average ER is presented for all fuels grouped by the 
southwestern and southeastern United States in table 9.  
 
3.4.0 HNCO (m/z 42). One of the highest signals during the fires was observed at 42 amu, which 
we attribute here to isocyanic acid (HNCO). Other possible contributors to this mass include 
cyanic acid, HOCN, fulminic acid, HCNO, or hydrazoic acid (N3H) but they were discounted for 
reasons detailed elsewhere [Roberts et al., 2010]. An HNCO mixture in N2 was generated in the 
laboratory from thermal dissociation of cyanuric acid and was indeed detected at 42 amu.  
HNCO is produced almost exclusively in the flaming stage, with low-level production observed 
during the smoldering stage. The average ER measured in the southwest fuels (0.76 mmol 
molCO-1) is nearly identical to that observed in the southeastern fuels (0.78 mmol molCO-1).  
 
3.4.1 Formic acid (m/z 45). Formic acid is emitted throughout the smoldering and flaming stages 
of a fire. The regional average ER varied from 0.34 mmol molCO-1 in the southwest to 1.7 mmol 
molCO-1 in the southeast fuels. Figure 35 shows a summary of the formic acid ER measured for 
each fuel type. The top right graph shows a summary of previously published formic acid 
emission ratios from both field and laboratory measurements. The overall comparison suggests 
that formic acid ER are highly variable and that fuel specific measurements are valuable. 
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Table 8. Summary of molar emission ratios relative to CO (ERCO)a. 
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Table 9. Average enhancement ratios of organic acids to CO for southwest and southeast fuels.  
 
 
Ratios are reported in µg m-3 ppmv CO-1. 
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Figure 35. Emission ratios of HCOOH and HONO from this study are shown on the left of the 
panel. The solid black line on the 2 leftmost panels represents the regional average emission 
ratios (ER) with one standard deviation on the average shown in solid green. Measured emission 
ratios from 13 previously published studies are shown for both HCOOH and HONO on the right 
for comparison. [McKenzie et al., 1995; Yokelson et al., 1996; Worden et al., 1997; Yokelson et 
al., 1997; Goode et al., 1999; Yokelson et al., 1999; Goode et al., 2000; Christian et al., 2003; 
Yokelson et al., 2003; Keene et al., 2006; Yokelson et al., 2007b; Yokelson et al., 2008; Yokelson 
et al., 2009]. Data from all studies except Keene and Mckenzie were re-scaled to reflect the new 
HCOOH IR cross-section [Rothman et al., 2009]. 
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3.4.2 HONO (m/z 46). The bottom left panel of figure 35 shows average HONO ER 
measurements for each fuel type. The ER variability between the southwestern and southeastern 
fuels, 0.95 mmol molCO-1 and 1.4 mmol molCO-1 respectively, has significantly less regional 
average differences than that observed in the organic acid measurements. However, the fuel-
average ER does vary by a factor of three for the fuel types presented. Figure 35 shows 
previously published measurements of HONO. The fact that the field measurements lie in the 
upper half of the spread in the laboratory measurements suggests that the HONO observed here 
is not an artifact occurring from production on the stack walls.   
 
3.4.3 Acrylic acid (m/z 71). The signal at 71 amu is attributed here to acrylic acid. Other 
possibilities for this mass include cyclopropyl carbinol and butenol but they are not likely 
because their gas phase acidity is lower than that of acetic acid. Acrylic acid was emitted in both 
the flaming and smoldering stage with the predominant emissions observed during the flaming 
stage. The average ERCO was measured as 0.041 mmol molCO-1 and 0.18 mmol molCO-1 in the 
southwestern and southeastern fuels respectively.  
 
3.4.4 Propionic acid (m/z 73). The signal at 73 amu is attributed here to propionic acid. Another 
common compound that could appear at this mass is butanol but it would not be observed in this 
system because its gas phase acidity is lower than that of acetic acid. Propionic acid was only 
quantitatively measured during a single burn of the Manzanita fuel type. This particular m/z (73) 
was not monitored during the rest of the fires presented here. The calculated emission ratio was 
determined to be 0.203 mmol molCO-1.  
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3.4.5 Glycolic acid (m/z 75). The signal at 75 amu is attributed here to glycolic acid. Another 
possible identity is peroxyacetic acid, which cannot be ruled out, as to our knowledge the gas 
phase proton affinity has not yet been measured. Glycolic acid was observed in both the flaming 
and smoldering stage, most strongly correlating with benzenediol. The average emission ratio 
measured in the southwestern fuels is 0.013 mmol molCO-1 and 0.13 mmol molCO-1 (ten times 
higher) in the southeastern fuels. The temporal profile of the glycolic acid emissions suggests 
that it may stick to the inlet somewhat, but it is released well within the period of integration 
over the course of the fire. Thus the ER presented should be accurate.  
 
3.4.6 Methacrylic acid (m/z 85). The signal at 85 amu is attributed here to methacrylic acid. 
Other possibilities for this mass included crotonic acid, 3-butenoic acid, cyclopropanecarboxylic 
acid and CF3OH, where the proton abstraction reaction of these molecules with the acetate is 
thermochemically favorable. The anion of crotonic acid is a possible contributor to the signal at 
m/z 85, however formation would likely occur through a process involving 1,3 pentadiene. In 
comparison to the production pathway of methacrylic acid, likely a reaction pathway involving 
isoprene, the contribution of crotonic acid to the m/z 85 signal is expected to be small. A similar 
argument can be made for the formation of 3-butenoic acid; however, contribution to m/z 85 
signal can not be overlooked for both crotonic acid and 3-butenoic acid. Cyclopropanecarboxylic 
acid is structurally unlikely to be formed during the smoldering phase of biomass fires where the 
m/z 85 signal was observed. CF3OH will react to form an anion at m/z 85 however, it is unlikely 
to be present. The presence of perfluoro compounds in biomass smoke would be a result of 
environmental contaminants, as they are not found in natural biomass. To our knowledge there 
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have not been any measurements of fluorinated compounds in biomass emissions previously, 
moreover there is no change in m/z 19 (F-) which would be an expected fragment if fluorinated 
compounds were present. Methacrylic acid was only quantitatively measured in a single fire of 
the fuel type Ceanothus. The emission ratio for methacrylic was 0.013 mmol molCO-1.  
 
3.4.7 Pyruvic/Butyric acid (m/z 87). The signal at 87 amu is attributed here to the sum of pyruvic 
and butyric acid. Other possibilities for this mass include pentanol and methylbutanol but they 
are not likely because their gas phase acidity is lower than that of acetic acid. Pyruvic acid and 
butyric acid will both undergo proton abstraction to form m/z 87. Using this technique it is not 
possible to separate these compounds so we report the data as the sum of both species. For data 
analysis purposes, the calibration factor for pyruvic acid was used. Pyruvic acid (∆Gequation 1 = 
326.5 kcal/mol) has a lower proton affinity than butyric acid (∆Gequation 1 = 339.1 kcal/mol ). 
Figure 29 implies that the sensitivity should be higher for pyruvic acid than butyric acid. For this 
reason, the values reported for this m/z should be considered a lower limit estimate of the sum of 
both species as concentration goes as the reciprocal of the sensitivity. The average ER measured 
in the southwestern and southeastern regions is 0.031 mmol molCO-1 and 0.061 mmol molCO-1 
respectively.  
 
3.4.8 Benzenediol (m/z 109). Two isomers 1,2- and 1,3-benzenediol can undergo reaction with 
CH3C(O)O- based on their gas-phase acidity. The 1,4-benzenediol isomer (hydroquinone) has a 
lower gas phase acidity than acetic acid and therefore will not be detected using the NI-PT-CIMS 
ion chemistry. The 1,3-benzenediol isomer was used for calibration during this study. There was 
a significant dependence of ER on fuel region with the southeastern fuels yielding higher ER 
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than the southwestern fuels. The average ER for southwestern fuels, 0.37 mmol molCO-1, is 
approximately 13 times less than that observed in the southeastern fuels, 4.7 mmol molCO-1.  
 
3.4.9 Proposed attribution of unidentified m/z. The compounds discussed above have previously 
been detected at the listed mass-to-charge ratios using laboratory standards. The species for 
which ER are reported were monitored during the duration of at least one fire in the selected ion 
mode. We propose the following identities to various signals frequently observed in the 
intermittent full mass scan spectra based on their gas phase acidity and structure: HCl (m/z 35, 
37), HNO3 (m/z 62), oxalic acid or lactic acid (m/z 89), pentanoic acid (m/z 101), CF3COO- (m/z 
113), hexanoic acid (m/z 115), C2F5 and CH3COOH•CH3COO-  (m/z 119), benzoic acid (m/z 
121), guaiacol (m/z 123), salicylic (m/z 137), C9H6NO- (m/z 144), phenoxyacetic acid or 
methoxybenzoic acid (m/z 151), and C2F5COO- (m/z 163). The presence of fluorinated 
compounds is purposed to be a result of the heated Teflon inlets used in these measurements. 
Fluorinated ions are frequently observed in negative ion CIMS spectra from the off gassing of 
Teflon tubing. Of the species listed here HCl, HNO3, and benzoic acid have all been detected at 
those respective masses using laboratory-generated standards. Accurate measurements of HCl 
and HNO3 were not possible during this study due to inlet losses and memory effects. Although 
we cannot unambiguously identify the other species listed, we suggest the above as probable 
identities of these observed ions. Future work will be performed to expand our ability to identify 
these and other unknown m/z.   
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4. Discussion 
 
There are two well recognized stages of combustion during a fire: (1) a flaming process 
that converts greater than 95% of the fuel carbon to CO2 and (2) a smoldering process that 
produces high CO emissions as a result of relatively inefficient combustion and only converts 60 
– 85% of the fuel carbon to CO2.  Organic acids were observed to correlate most strongly with 
CO emissions throughout the fire. The long inlet response times of glycolic acid and benzenediol 
make it difficult to show correlation to either CO or CO2; however, the delayed onset of these 
compounds during a fire suggests production by the smoldering process.  This trend is apparent 
in figure 30 by the late appearance of both compounds. HNCO and HONO correlate best with 
the CO and CO2, respectively, produced early in the fire when it is dominated by flaming 
combustion. 
There are significant differences in the regional average ER for most of the organic 
compounds measured. Formic acid, glycolic acid, acrylic acid and benzenediol are 5 to 13 times 
larger in the southeastern fuels than the southwestern fuels. The southwestern ER was 2 times 
lower than the southeastern ER for m/z 87 (pyruvic/butyric acid). One possible source of these 
compounds is the pyrolysis of the lignin in the fuels burned. Large differences in lignin content 
of the fuels collected from each region could explain the significant variation in southwestern 
and southeastern ER. Inorganic acids show far less variation in the regional average ER. HONO 
and HNCO regional average ER differ by factors of up to 1.5.  
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Figure 36. Summary of the ratio of HNCO measurements to CO produced by flaming for all of 
the fire samples. HNCO was emitted in a relatively constant emission ratio in all of the fuel types 
sampled. 
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The HNCO measurements reported here are among the first observations of this 
compound in experiments that simulate biomass burning. Our measurements show a consistent 
production of HNCO by flaming combustion, most clearly correlated to flaming production of 
CO. Figure 36 contains a summary of HNCO to flaming production of CO ratios for all fires. It 
can be observed that this ratio remains relatively constant for all fuel types sampled. Hansson et 
al. 2004  [Hansson et al., 2004] previously reported the formation of HNCO in the pyrolysis of 
bark pellets. Both observations suggest pyrolysis-like production acting on polyamide-like 
material such as protein. The rate constant for the reaction of HNCO with OH at 298K is 
approximately 10-15 cm3 molecule-1 s-1 as extrapolated from previous measurements [Tsang, 
1992]. The ultra-violet absorption spectrum of isocyanic acid had been measured previously  
[Dixon and Kirby, 1968]. HNCO has a weak absorption in the ultraviolet suggesting that 
photolysis rates are most likely negligible when compared to hydrolysis, water uptake, and 
atmospheric transport. Atmospheric monitoring of this species combined with measurement of 
both Henry’s coefficient and hydrolysis rate vs. temperature are necessary to better understand 
the atmospheric fate of HNCO. A more detailed discussion of HNCO in the atmosphere is 
presented in chapter VI. 
Both formic and HONO emission ratios have been previously reported from field and 
laboratory studies. Figure 35 shows formic acid ER measurements from various laboratory and 
field experiments that emphasized sampling fresh smoke. There is significant scatter in ER 
measurements for both the laboratory and field data that has been published for formic acid. The 
relative plume age of the field measurements of smoke only minutes old has not been taken into 
account for the data reported. The scatter in initial ER from the laboratory studies makes any 
generalized comments on the fast photochemical production or loss of formic acid with plume 
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age difficult on the time scale of minutes. On the time scale of hours secondary production of 
formic acid has been observed in Alaska [Goode et al., 2000] and Brazil [Yokelson et al., 2007a].  
Comparison of HONO emission ratios measured in this study to previous laboratory and 
field-measured emission factors are shown in figure 35. A lack of regional ER dependence is 
observed in this data. Several studies have proposed mechanisms for the heterogeneous 
production of HONO on surfaces [Kleffmann et al., 1998], on humic aerosols [Stemmler et al., 
2007], aqueous aerosols [Nienow and Roberts, 2006], and black carbon [Kalberer et al., 1999]. 
Thus in addition to the high amounts of HONO in fresh smoke that we have observed in these 
lab fires secondary production of additional HONO in the plume is also an important possibility. 
The presence of HONO in freshly emitted biomass burning plumes is significant, as HONO will 
readily photolyze to yield OH. Previous photochemical models have underestimated net ozone 
production in biomass plumes and the inclusion of additional HONO emissions in photochemical 
models of biomass plumes has been shown to increase the rate of initial plume chemistry 
[Trentmann et al., 2005; Alvarado and Prinn, 2009; Alvarado et al., 2009] and therefore help 
explain the observation of rapid O3 formation in fresh biomass burning plumes.  
Table 9 shows a summary of organic acid emission ratios to CO for fuels from the two 
regions sampled. Figure 37 presents a comparison of emission ratios for fuels from the species 
measured in the two regions sampled. The sum of organic acids for the southwest is 3.2 µg m-3 
ppmvCO-1 and the southeast total is 22.4 µg m-3 ppmvCO-1. Benzenediol comprises 1.5 µg m-3 
ppmvCO-1 to 18.0 µg m-3 ppmvCO-1 in the southwest and southeastern fuels respectively. We 
can gain some insight into organic acid contribution to SOA formation by assuming a range of 
particulate yields from 17% to 86% as observed by Coeur-Tourneur et al. [Coeur-Tourneur et 
al., 2009] for the reaction of benzenediol with ozone measured under NOx-free, low-relative 
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humidity, and non-seeded conditions. That particular study concluded that either OH radical 
concentration is not significant or reaction of benzenediol with OH leads to similar yields as 
reaction with O3. Using these aerosol yields, aerosol mass yields from 0.3 up to 15.5 µg m-3 
ppmvCO-1 are possible from the reaction of benzenediol. de Gouw and Jimenez summarize 
organic aerosol total mass measured in various biomass burning emissions [de Gouw and 
Jimenez, 2009]. Emission ratios of organic aerosols (OA) to CO observed in biomass smoke 
range from approximately 50 µg m-3 ppmvCO-1 up to 150 µg m-3 ppmvCO-1 at 295K and 1 atm. 
Using these reported emission ratios, the total contribution of benzenediol to organic aerosol 
mass can range from less than 1% to a maximum of 30%.  
Enhancement of organic acids in smoke plumes aged for several hours has been observed 
[Goode et al., 2000; Hobbs et al., 2003; Yokelson et al., 2009] and these secondary organic acids 
could be further oxidized to contribute to additional organic aerosol mass. The bulk of species 
measured in this study were not considered due to unavailability of aerosol yields. Thus, the total 
organic aerosol mass range that is reported here is considered a lower limit estimate. 
Measurements of particulate yields for all species in this study are necessary for a more detailed 
analysis of the organic acid contribution to total aerosol mass loadings.  
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Figure 37. Summary of emission ratios for the 9 compounds measured at the fire sciences 
laboratory. No data was collected for methacrylic and propionic acid in the southeastern fuels 
sampled. 
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5. Conclusions 
 
We used NI-PT-CIMS to measure the emissions of organic and inorganic acids from 34 
laboratory biomass fires burning vegetation collected in the southeastern and southwestern US. 
Formic acid and HONO emissions were measured and compared to previously published data. 
We also report emission ratios for isocyanic acid (HNCO), 1,2 and 1,3-benzenediols (catechol, 
resorcinol), acrylic acid, methacrylic acid, propionic acid, pyruvic acid, and glycolic acid 
measured from biomass burning.  
The comparison of simultaneous measurements of both formic acid and HONO from NI-
PT-CIMS and OP-FTIR showed agreements within 20%. This work establishes NI-PT-CIMS as 
a valid real-time organic and inorganic acid measurement technique. The fast time response and 
low detection limits of this instrument provide the potential for in situ study of photochemical 
processing of fresh biomass smoke and for generalized measurements in urban air.  
We reported on the direct and very large release of HONO in biomass burning emissions 
that can have a significant impact on the initial rate of O3 formation in biomass plumes. HNCO 
has been quantitatively observed for the first time in biomass emissions. The emission ratios 
presented are necessary to interpret field data and initiate models relevant to biomass plumes.  
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CHAPTER V 
 
EFFICIENT PHOTOCHEMICAL PRODUCTION OF ORGANIC ACIDS IN URBAN 
ATMOSPHERES  
 
1. Introduction 
 
Research on atmospheric organic acids has predominantly been focused on formic and 
acetic acids [Talbot et al., 1988; Grosjean, 1991; Hartmann et al., 1991; Norton, 1992; Grutter 
et al., 2010]. Due to analytical difficulties, a relatively limited set of organic acids > C2 
[Kawamura et al., 1985; Nolte et al., 1999; Baboukas et al., 2000] has been measured in urban 
areas. These larger organic acids potentially play a significant role in the production of 
secondary organic aerosol formation [Zhang et al., 2004; Carlton et al., 2006]. Urban 
measurements during photochemical smog events are necessary to determine the sources and 
fates of organic acids in the atmosphere.  
In this chapter, we discuss gas-phase acid measurements made using negative-ion proton-
transfer chemical-ionization mass spectrometry (NI-PT-CIMS) in Pasadena, CA as a part of 
CalNex 2010 (Research at the Nexus of Air Quality and Climate Change). During the CalNex 
study, measurements were made at ground sites in the Central Valley and the Los Angeles basin, 
aboard the NOAA R/V Atlantis, and several airborne research platforms (e.g. NOAA WP-3D, 
NOAA Twin Otter) in May and June, 2010. In this work, we use local meteorological 
measurements to gain some insight into the history and origin of the air masses sampled in 
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Pasadena. Diurnal profiles and comparisons to known photochemical products are studied to 
provide evidence for the secondary formation of organic acids.  
 
2. Field measurements 
 
 The negative-ion proton-transfer chemical-ionization mass spectrometry (NI-PT-CIMS) 
instrument used in this work was field deployed for the first time during CalNex. The instrument 
design has been previously described in detail in chapter II. Briefly, acidic molecules are ionized 
by proton transfer with acetate ions and detected with a quadrupole mass spectrometer. The NI-
PT-CIMS instrument was positioned atop one of the instrument containers at a height of 3 m. 
The inlet (1.3 m) sampled at a height relative to ground of approximately 5 m. Instrument 
backgrounds were determined every 190 min for 30 min. Inlet response times were determined 
in the laboratory for all compounds measured using calibration standards. In most cases, the 
response times were short (< 30 s), however, nitric acid measurements gave inlet response times 
on the order of minutes. In all cases, a period equal to the laboratory measured response times, 
collected after a background measurement was removed from the data. Table 10 contains a 
summary of the measured inlet response times, detection limits and measurement error.  
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Table 10. Summary of detection limits, response times and error in reported concentrations for 
acid measured by NI-PT-CIMS during CalNex.   
 
Compound  Detection Limita (ppbv)   Response Timeb (sec)  Error (ppbv) 
 
Formic Acid   0.029    1      20% + 0.029 
HNO3    0.080    1200       35% + 0.080 
Acrylic Acid    0.030    2       30% + 0.030 
Propionic Acid   0.825    2     30% + 0.825 
Methacrylic Acid   0.044    5       40% + 0.044 
Pyruvic Acid   0.008    30       23% + 0.008 
 
aDetection limits are stated for 1 second data. 
bResponse times are reported as the time required for the signal to reach 10% after removal of 
calibration gas in dry laboratory air. 
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Calibration of the NI-PT-CIMS for formic, acrylic, methacrylic, propionic, and pyruvic 
acid was performed in the field. A calibration standard was set up to overflow the measurement 
inlet providing a continuous flow during calibration periods. Organic acid standards were 
generated using the mobile organic carbon calibration system (MOCCS) [Veres et al., 2010a]. A 
nitric acid (HNO3) standard was generated using a permeation source calibrated using UV 
optical absorption as described by Neuman et al. [Neuman et al., 2003]. In-field calibrations for  
formic, acrylic, methacrylic, propionic, and pyruvic acid were performed every 2 days at a 
minimum. Calibrations for HNO3 were performed during post-field laboratory work. In the case 
where field calibrations were not available, estimates from a combination of laboratory and field-
measured sensitivities for other species were used [Veres et al., 2010b].  
In addition to the NI-PT-CIMS data shown here we will also present benzene, 1-butene, 
and isoprene measurements made by GC-MS [Kuster et al., 2004], and NO2 and O3 measured by 
UV differential absorption and chemiluminescence respectively as prescribed by the standard 
EPA methods. 
 
3. Results  
 
Figure 38 shows a time series for selected gas-phase species measured at the Pasadena 
ground site during CalNex 2010. Strong diurnal variations that were similar for most measured 
species were observed for all of the organic acids measured.  
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Figure 38. Time series of gas phase acids measured during the California air quality study 
(CalNex 2010) using NI-PT-CIMS. The data shown is displayed as one-minute averages.  
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The measurement period from May 22-29 showed significantly lower concentrations of 
organic acids than the latter part of the measurement period. From May 31 to June 6 there was a 
general stagnation and build up of pollution as evidenced by an increase in background levels of 
organic acids. Table 11 shows a comparison of gas-phase formic, propionic, and butyric/pyruvic 
acid measurements from CalNex and previous studies performed in the greater LA basin. Formic 
and butyric acid concentrations are generally lower than those observed in previous studies, 
while propionic acid concentrations appear to be higher on average. As will be discussed below, 
we would expect a significant seasonal dependence of organic acids in the atmosphere as a result 
of their photo-dependence. This makes interpretation of the data shown in table 11 difficult, 
however it appears that significant reduction in maximum formic acid levels has occurred over 
the past few decades.   
Figure 39 shows the distribution of wind directions and speeds observed at the Pasadena 
ground site. Measured trace gas concentrations at the ground site were heavily influenced by air 
masses from downtown Los Angeles (LA) and the surrounding urban area. Average measured 
CO, shown in figure 40, was highest in winds out of the southwest, likely transported from LA. 
Peak CO concentrations were observed at noon local time and were likely due to morning 
downtown LA rush-hour traffic. A secondary peak in CO, occurring at 7am local time was 
possibly due to local Pasadena rush-hour traffic, but was weak and not observed on all days. 
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Table 11. Comparison of NI-PT-CIMS formic acid, propionic acid, and butyric acid 
measurements to previously published measurements in the LA basin.   
 
Formic Propionic   Butyrica     Month, Year  Source 
(ppbv) (ppbv)    (ppbv) 
  
Riverside 4 - 19         Oct., 1976  [Tuazon et al., 1978] 
Claremont 19b           Oct., 1978  [Tuazon et al., 1981] 
East LA 2 - 10         June, 1980  [Hanst et al., 1982] 
Claremont 1.9 - 10.5         Sept., 1985  [Grosjean, 1988] 
LA 1.3 - 13         Aug. 1986  [Grosjean, 1989] 
Claremont                  1.96 (.08)  0.75 (.02)        Sept., 1993  [Nolte et al., 1999] 
Pasadena 0.5 - 6.2    2.03c - 6.1  0.1c - 0.24      May/June, 2010 This study 
 
aButyric acid measurements made using NI-PT-CIMS are reported as the sum of butyric and 
pyruvic acid. 
bConcentrations are reported as a maximum observed concentration.  
cLower-bound concentrations were below the limit of detection (LOD). The number quoted is 
the LOD defined as twice the standard deviation in the background measurements.  
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Figure 39. Distribution of wind speed and direction measured at the Pasadena ground site during 
CalNex 2010.  
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Figure 40. Diurnal averages of selected measurements made during CalNex (May 25 to June 15, 
2010). All measurements are displayed in ppb and represent 5-minute averages. The dark line is 
the average diurnal variation in the data during the given time period with one standard deviation 
represented by the shaded region.  
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Diurnal variations of gas phase acids measured in this study are shown in figure 40 as 
well as those for CO, Ox (NO2 + O3), NO2, benzene, 1-butene, and isoprene. The graphs contain 
all of the data available for each compound during the entire measurement period (May 15 thru 
June 16) averaged over 5-min intervals. The timing of peak acid concentrations is well correlated 
with the peak CO measured just after noon local time. From the average morning wind direction 
(SSW), we infer that the air mass observed during midday is transported from the greater LA 
area. If we account for observed wind speeds of approximately 1-2 m/s, the calculated transport 
times are approximately 3-5 hours from downtown LA to the Pasadena ground site. This would 
give a plume origin from LA somewhere between 7am and 9am, which supports our assumption 
that the air masses sampled around noon contain photo-chemicaly processed emissions from the 
downtown LA area.  
We can rule out direct anthropogenic emission as the dominant source of organic acids, 
as they do not correlate well with the various measurements of species that are known to be 
predominantly emitted from primary traffic sources (e.g. CO, benzene) [Parrish et al., 2009].  
Alternatively, highly reactive primary emissions (e.g. 1-butene) showed peak 
concentrations during the night in a low boundary layer, when photochemical products are at a 
minimum, and reach low daytime levels shortly after sunrise, a result of depletion via 
photochemistry during plume transit. Isoprene exhibits a similar variation as organic acids with 
daytime maximum around solar noon. Isoprene is a known light induced biogenic emission 
[Rasmussen, 1970] with the predominant source in Pasadena being local biogenic emissions, as 
evidenced by highly variable daytime concentrations and relatively low mixing ratios of its 
photooxidation products methacrolein and methyl vinyl ketone. In comparison to isoprene, 
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organic acids showed much broader daytime features indicating a more regional source, 
indicative of secondary formation.  
Comparisons with HNO3, measured by NI-PT-CIMS, provide additional evidence for the 
photo-production of organic acids.  Nitric acid, with the recombination of NO2 and OH as its 
main atmospheric source, is a good tracer for photochemical processing of an aged air mass in 
the absence of significant wet removal processes. In figure 41 we show comparisons of organic 
acids to HNO3. We observe good correlation with HNO3 suggesting that these organic acids are 
likely of photochemical origin.  
 We can gain further insight into the photochemical production of organic acids by 
comparison to Ox. We choose Ox over O3 as a more conserved tracer of photochemical 
processing on the time scales of transport observed in Pasadena, CA [Herndon et al., 2008]. 
Figure 41 also shows scatter plots of organic acids versus Ox. There is very good correlation 
between the organic acid measurements and Ox indicating that photochemical production of 
these species is likely the predominant source. In general, the highest mixing ratios of organic 
acids were observed during periods of maximum Ox. The slopes of organic acid to Ox correlation 
plots ranged from 0.90 ppbv/ppmv Ox for acrylic acid to 50.3 ppbv/ppmv Ox observed for formic 
acid, and are summarized in figure 41.  
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Figure 41. Correlation plots of pyruvic, formic, and isocyanic acid with HNO3 a known 
photochemical product (left), and Ox, the sum of NO2 and O3 (right).  Concentrations of organic 
acid increase with increases in the concentration of nitric acid suggest that they are formed via 
photochemical processes. Organic acid/HNO3 data are shown as 1-min averages. Organic 
acid/Ox data are presented as a 5-min average where organic acid, NO2 and O3 measurements 
overlap.  
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The highest concentrations of organic acids were observed on June 14 with maximum 
formic acid concentrations reaching as high as 6 ppbv. During this time period temperatures 
reached 31ºC, the highest experienced during the measurement period, with a daytime relative 
humidity (RH) of 50%, among the lowest RHs observed. Conversely, on June 11 formic acid 
levels reached a daytime maximum of only 2 ppbv, among the lowest daytime maximum 
concentrations observed in the absence of rain. Temperatures were much lower reaching only 
20ºC, with 80% RH. During both of the time periods the local winds were ~ 1-2 m/s out of the 
SW. In comparing these two days, we see enhanced concentrations of organic acids during 
periods of high temperatures and dry conditions. Reduced organic acid concentrations during 
high RH episodes may be due to an increase in partitioning to the liquid aerosol phase. These 
results are in agreement with previous observations of increased water soluble organic carbon 
(WSOC) during periods of high RH [Hennigan et al., 2008]. 
 Our results provide direct evidence for previous suggestions of a photochemical source of 
formic acid in urban atmospheres [Nolte et al., 1997; Souza et al., 1999] and in upper 
tropospheric measurements [Grutter et al., 2010]. Similarly, Paulot et al. [Paulot et al., 2010] 
have shown evidence for the secondary formation of acetic acid in aged urban emissions that is 
not predicted using current models. Photochemical production of organic acids from urban 
emissions would also suggest that a strong seasonal dependence of ambient concentrations 
peaking during periods of maximum sunlight intensity (e.g. summer) should be observed at 
receptor sites such as Pasadena, CA. Souza and Carvalho [Souza and Carvalho, 2001] have 
observed such a seasonal variability in organic acid concentrations, specifically in formic and 
acetic acid, at sites with high vehicular density.  
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4. Conclusions 
 
  We have field deployed a NI-PT-CIMS instrument for the first time to measure 
concentrations of gas-phase acids (formic, nitric, acrylic, methacrylic, propionic, and pyruvic 
acid) in Pasadena, CA during the CalNex 2010 field study. Diurnal variations of organic acids 
were dominated by large maxima just after solar maximum with concentrations slowly 
decreasing into the late evening. Organic acid concentrations correlate well with HNO3 and Ox 
measurements. We conclude that the primary source of organic acids in Pasadena is 
photochemical production from urban emissions. The emission ratios of organic acids to Ox 
reported here can be utilized in current models of SOA chemistry, which traditionally have 
underpredicted ambient concentrations of organic acids, this will be of value until more complete 
models that have explicit organic acid source chemistry can be developed.   
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CHAPTER VI 
 
ISOCYANIC ACID (HNCO): SOURCES, FATES, AND IMPLICATIONS 
 
1. Introduction 
 
 Every day billions of people are exposed to smoke, from tobacco, biomass or low-
temperature coal combustion used for cooking and heating, and from wildfires. Extensive 
research has shown that numerous volatile and semi-volatile organic compounds are formed 
[Andreae and Merlet, 2001; Burling et al., 2010] from the pyrolysis of biomaterials. There is a 
continuing need to understand the impacts of these emissions over the entire spatial scale, from 
the global down to the personal.  
Isocyanic acid (HNCO) has been known since Liebig and Wohler discovered it [Liebig 
and Wöhler, 1830]. It is moderately acidic (pKa = 3.7) and unstable in pure form as it readily 
polymerizes [Belson and Strachan, 1982]. However, it is volatile (BP = 23.5 °C est.) and quite 
stable at dilute concentrations in the gas-phase [Roberts et al., 2010]. HNCO, and isocyanates, 
RNCO, in general, are toxic at high concentrations, as was apparent in the accidental release of 
methyl isocyanate, (MIC = CH3NCO), in Bhopal, India, in which thousands of people suffered 
death or injury [Mishra et al., 2009]. Work-place exposure to isocyanates is of concern and has 
been linked to a number of health effects. Consequently, quite low limits for occupation 
exposure, 0.5 ppbv for MIC, and 5 ppbv for total isocyanates have been established in some 
jurisdictions [California, 2001; Authority, 2005]. 
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HNCO has traditionally been measured in the gas-phase either by filter collection on a 
reactive substrate and wet-chemical workup with chromatographic analysis [Karlsson et al., 
2001], or by IR spectroscopy [Nelson et al., 1996]. An on-line method, taking advantage of the 
difference in solubility of HNCO and NH3, acid catalyzed hydrolysis to NH3, with detection by 
selective ion electrode has also been reported [Kröcher et al., 2005]. Here we describe 
measurements of HNCO made using NI-PT-CIMS. The detection limit of this HNCO 
measurement was 5 pptv for a 1 sec measurement, and the uncertainties were 5 pptv ± 25% for 
ambient measurements. Calibration of the HNCO signal was accomplished by FTIR 
measurement of a gas phase diffusion source involving the thermal decomposition of cyanuric 
acid as described in chapter III. 
 In this chapter we will discuss our understanding of the sources, fates and health impacts 
of HNCO through the interpretation of measurements made using NI-PT-CIMS. This chapter 
will introduce HNCO measurements in (1) the laboratory biomass fires presented in chapter IV, 
(2) ambient measurement of HNCO during the recent 2010 4-Mile Canyon fire in Boulder, CO, 
(3) measurement of HNCO in Pasadena, CA during CalNex 2010  (chapter V), and (4) 
laboratory measurements of the Henry’s solubility of HNCO.   
  
2. Emission Sources and Atmospheric Concentrations of HNCO 
2.1 Laboratory biomass fires 
 
NI-PT-CIMS was used to measure HNCO in the emissions from laboratory biomass fires 
[Burling et al., 2010; Roberts et al., 2010; Veres et al., 2010b]. These experiments were 
discussed in detail in chapter IV. A mass spectrum of an un-diluted biomass burning experiment 
	  	  137	  
is shown in figure 42 for the mass range 39-63, showing the anions corresponding to HNCO, 
HC(O)OH, HONO, and the reagent ion, CH3C(O)O- and its associated isotopomers. 
An example emission-time profile from the fire sciences laboratory measurements, figure 
43a, shows the generally-held observation that HNCO and CO are highly correlated in flaming 
stage emissions, which ranged from 0.1% to 0.6% HNCO/CO. Smoldering stages usually have a 
second peak of CO emissions, with values of HNCO/CO that were factors of 5 – 10 lower.  The 
two emission regimes are shown roughly as colored regions in figure 43b along with data from 
two ambient measurement periods, CalNex 2010 measurements and 4-mile canyon fire in 
Boulder, CO. The biomass burning measurements had much higher levels of HNCO and CO 
with up to 600 ppbv of HNCO. Biomass burning ratios of HNCO/CH3CN ranged from 1 to 1.6, 
and HNCO/HCN ratios were generally 0.33 to 0.5, with one fuel as low as 0.16 [Burling et al., 
2010].  
Other studies have reported HNCO emissions from pyrolysis and low temperature 
combustion of biomass [Hansson et al., 2004] and coal [Nelson et al., 1996], and pyrolysis of 
tobacco ingredients [Baker and Bishop, 2004]. Our results are in agreement showing that 
biomass smoke is a significant source of HNCO in the atmosphere. We however report the first 
quantitative measurements of the HNCO/CO emission factors that can be used to approximate 
the contribution of biomass smoke to a global HNCO budget.   
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Figure 42. Mass spectrum from a NI-PT-CIMS measurement at the USDA fire sciences 
laboratory. 
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2.2 4-mile canyon wildfire 
 
On September 6th, 2010 a wildfire was started near 4-mile canyon in Boulder, CO. This 
recent tragedy presented us with the unique opportunity of sampling the effects of wildfire 
emissions on the local air quality. Figure 43 shows the result of measurements made on 
September 8, 2010 from NOAA in Boulder, CO. The impact of wildfire emissions can be 
observed directly through an almost minute-by-minute correspondence in the levels of HNCO 
and CO.  
The ratio of HNCO/CO during the 3 enhancement events is consistent with emission 
ratios measured in smoldering stage fires (figure 44b) reported from our biomass smoke 
measurements. There are no other reports of ambient measurements of HNCO with which to 
compare, but the levels shown here are comparable to background levels of other reduced 
nitrogen species known to have strong biomass burning sources: CH3CN and HCN [Singh et al., 
2003]. 
 
2.3 CalNex 2010  
 
HNCO was measured using NI-PT-CIMS during the CalNex 2010 study in Pasadena, 
CA. Ambient HNCO appears to have quite a low “background” concentration, on the order of 10 
pptv or less, and ranged up to 100 pptv at the Pasadena site. In comparison to HNCO 
measurements in fresh biomass smoke and ambient measurements in a wildfire-affected region, 
figure 44b, the enhancement ratio of HNCO/CO in urban Los Angeles is significantly lower.  
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Figure 43. Panel (a) shows the timeline of HNCO and CO measurements made in Boulder, CO. 
during the 4-Mile Canyon fire, with 30 second averages HNCO shown in green circles, and 1 
minute CO averages shown by the red line. Panel (b) shows the individual 20 sec HNCO 
measurements (blue), and the 5 min averaged HNCO (blue line) and ± 1 standard deviation (light 
blue) as a function of time of day for the measurements at the CalNex LA ground site. 
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Figure 44. Panel (a) is a timeline for HNCO and CO emissions from a test burn of California 
Sage. Panel (b) shows a plot of measured HNCO versus CO for the fire sciences laboratory 
emissions measurements (red circles), CalNex LA ground site (black diamonds), and the Boulder 
4-Mile Canyon fire (blue triangles), with the general flaming stage and smoldering stage 
relationships highlighted.  
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As there were no local wildfires during the CalNex measurements it is unclear what the 
urban sources of HNCO are. There are some indications from the diurnal profile of HNCO at the 
CalNex site (figure 43b) that HNCO is a photochemical product, as its average daily profile 
coincides with other photochemical products in the air masses from downtown Los Angeles that 
are observed at the site every mid-day. The precursors of this photochemistry are potentially 
monomethyl amine (MMA) and formamide, the chemistry for which has been outlined 
mechanistically elsewhere [Schade and Crutzen, 1995; Barnes et al., 2010]. MMA reacts rapidly 
with the OH radical, primarily through hydrogen abstraction of a methyl hydrogen, followed by 
the familiar step-wise oxidation of that carbon [Schade and Crutzen, 1995]. Thus HNCO from 
this mechanism should show a photochemical signature, since MMA, and perhaps formamide, 
probably have wide area sources in urban regions, but OH radicals are produced 
photochemically. The Pasadena measurements give a baseline urban value, in the absence of 
local wildfires or an increase in vehicle sources. 
 
2.4 Additional suggested sources  
 
In addition to the above-mentioned atmospheric sources of HNCO, we present additional 
suggested and known sources of HNCO for completeness. The following processes stand to be 
significant atmospheric sources of HNCO. Emissions from coal combustion and cigarette 
tobacco are two currently known HNCO producing combustion processes. Also, production of 
HNCO from the newly developed diesel urea-SCR exhaust systems stands to become one of the 
most significant sources of HNCO in the near future.  
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 Coal is a common fuel used directly for cooking and heating especially in rural areas of 
developing countries [Wang et al., 2010a].  Low-temperature combustion of coal having 
sufficient nitrogen, has been shown to be a source of HNCO [Nelson et al., 1996]. In this case 
the precursors are likely to be nitrogen heterocyclic compounds, although specific precursors 
have not been identified. Further work on the combustion of coal char at 600°C measured the 
HNCO emission as 12 ± 4.5% of original fuel nitrogen [Nicholls and Nelson, 2000].  
Tobacco smoking presents an obvious source since in this case HNCO is produced from 
both the plant material as well as from the pyrolysis of urea, an additive in some cigarettes. 
Apparently there are no reports of HNCO measurements in actual tobacco smoke, but a surrogate 
pyrolysis study found that 93% of added urea (4 mg/gram tobacco) was pyrolyzed to HNCO, 
resulting in 1.9 mg/gram tobacco smoked [Baker and Bishop, 2004]. We have observed in the 
laboratory HNCO in sidestream cigarette smoke in a brief qualitative test, however a study of 
direct tobacco smoke was beyond the scope of the current work. We can conclude that tobacco-
derived HNCO needs to be measured more extensively and the partitioning of it to the 
bloodstream and tissues quantified. This is especially important considering the fact that HNCO 
is not currently included in the FDA “Proposed Initial List of Harmful/Potentially Harmful 
Constituents in Tobacco Products, including Tobacco Smoke” [FDA, 2010]. 
Diesel urea-SCR exhaust systems represent a source of emerging interest, since HNCO is 
a recognized intermediate in this chemistry. These systems work by injecting a small flow (1-3% 
by volume urea/fuel ratios) of urea solution (32% by weight) into a catalyst system. While 
extensive measurements of HNCO emissions from actual working diesel systems are lacking, 
there are reports of HNCO emissions from model systems that show up to 5-10% of the injected 
urea N is measured in exhaust as HNCO, mostly at lower temperatures and with older catalysts 
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(> 1000 hrs operation). The observed HNCO mixing ratios in exhaust streams ranged up to 50 
ppmv [Kröcher et al., 2005]. Understanding this source must be given a high priority considering 
the expected growth in SCR-controlled diesel engines in the EU and US. 
 
3. Atmospheric Fate of HNCO 
3.1 Sinks of HNCO 
 
Hydroxyl radical is generally the most reactive radical species in the lower atmosphere 
and its reactions are often the most rapid removal path for trace organic species [Finlayson-Pitts 
and Pitts, 2000]. HNCO, however, is relatively stable against reaction with OH radical (k ≈ 10-15 
cm3 molecule-1 sec-1 extrapolated from high temperature data [Tsang, 1992]), yielding a lifetime 
of 6 months or more for this process. HNCO is expected to have a very low absorption at near-
UV to visible wavelengths that constitute the solar actinic region based on measurements at 
wavelengths shorter than 280 nm [Dixon and Kirby, 1968; Brownsword et al., 1996]. The major 
dissociation channel (
€ 
HNCO→H + NCO) has a threshold of 265 nm, and there is a channel that 
forms triplet NH that has a 332 nm threshold [Berghout et al., 1998], however the absorption 
cross-section in that region is quite low. This results in an HNCO lifetime against photolysis of 
some months.  
The major loss processes of HNCO in the lower troposphere are likely heterogeneous 
uptake to aerosols, or liquid water: fog, clouds, precipitation, and the ocean, and subsequent 
reaction. HNCO is a moderately weak acid in aqueous solution (pKa = 3.7) [Belson and 
Strachan, 1982] and exhibits relatively slow hydrolysis that is slightly pH-dependent [Jensen, 
1958], as shown in figure 45. The low-concentration partitioning of HNCO to aqueous solution, 
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i.e. Henry’s Law solubility (H), has apparently not been measured previously. Henry’s law 
describes the equilibration between a gas phase chemical species and a liquid phase, at infinite 
dilution, and is part of the chemical system that describes the rate of reactive uptake of a 
compound to a liquid surface. We have made preliminary laboratory measurements of H for 
HNCO in an aqueous buffer at pH = 3 ± 0.1, and room temperature (t = 25 ± 1 °C), using the 
bubbler method [Kames and Schurath, 1995]. HNCO is only slightly soluble at pH = 3, however, 
as noted, it is a weak acid, pKa = 3.7, hence its effective Henry’s constant can be calculated as a 
function of pH with the following relationship [Sander, 1999b]: 
 
 
€ 
Heff = H × (1+
Ka
[H +])         (28) 
 
This relationship is plotted in figure 45a for HNCO using H* derived from the preliminary Heff 
measured at pH 3, and the known pKa.  
The rate of hydrolysis of HNCO has been measured as a function of pH and was found to 
have several mechanisms, one set that is direct (i.e. first order), and one that is acid-catalyzed 
[Jensen, 1958]. The hydrolysis rate, as a function of pH, is shown in figure 45b. A point of 
comparison is available from the Henry’s constant measurement described above, in which a 
solubility of 8.7 ±1.3 x10-4 sec-1 was measured, a value that is in good agreement with the 
previous measurement. The solubility of HNCO as a function of pH was calculated and is shown 
in figure 45. We conclude that, HNCO has a long lifetime against uptake on acid aerosol (> 
months), but in contrast to HCN (also shown), HNCO is quite soluble at neutral pH (H ≈ 105 
M/atm), resulting in short lifetimes (days-to-hours) against uptake to natural water surfaces, e.g. 
oceans.    
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Figure 45. Plots of the Henry’s Law constant (blue), first order lass rate due to hydrolysis (solid 
red), and corresponding aqueous phase lifetime (dashed red) of HNCO versus pH.  Also shown 
is the Henry’s Law constant for HCN (green). The yellow band indicates the range of pHs most 
characteristic of ambient aerosol, and the pink band indicates physiological pH. 
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The rate of hydrolysis of HNCO has been measured as a function of pH and was found to 
have several mechanisms, one set that is direct (i.e. first order), and one that is acid-catalyzed 
[Jensen, 1958]. The hydrolysis rate, as a function of pH, is shown in figure 45b. A point of 
comparison is available from the Henry’s constant measurement described above, in which a 
solubility of 8.7 ±1.3 x10-4 sec-1 was measured, a value that is in good agreement with the 
previous measurement. The solubility of HNCO as a function of pH was calculated and is shown 
in figure 45. We conclude that, HNCO has a long lifetime against uptake on acid aerosol (> 
months), but in contrast to HCN (also shown), HNCO is quite soluble at neutral pH (H ≈ 105 
M/atm), resulting in short lifetimes (days-to-hours) against uptake to natural water surfaces, e.g. 
oceans.    
 
3.2 Lifetime of HNCO 
 
From the above discussion of atmospheric sinks, we determined that the rate of uptake of 
HNCO on aerosol particles or natural surfaces will likely be the relevant atmospheric loss 
process. The rate of this process can be estimated from knowledge of the Henry’s law solubility, 
which has been directly measured here, and liquid phase reaction rate, assuming liquid-phase 
processes are rate limiting.  
The loss of a reactive species to a liquid surface can be thought of as a network of 
resistances, in series and in parallel, that represent diffusion and reaction processes [Davidovits 
et al., 2006]. Often one process is the limiting resistance, simplifying the representation. Indeed, 
the loss of HNCO to aqueous aerosol particles is limited by the reaction in the liquid phase: 
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€ 
kgas = HRTFlkhyd         (33) 
 
where Fl is the volume fraction of liquid water, which ranges from 10-12 for an aerosol of total 
surface area of 200 mm2/cm3, and 0.2mm mean diameter, and up to 10-6 for fogs or clouds, and 
khyd is kI. Thus the estimated atmospheric lifetimes for HNCO range from > 104 years for 
reaction on an atmospheric aerosol at pH 3, to approximately 0.5 days for reaction in cloud or 
fog water of pH 5.5 and the above liquid water content. As such, wet and dry deposition 
processes limit the lifetime of HNCO. An analogy can be made to the other biomass-derived CN 
compounds, HCN and CH3CN, which are not very soluble at environmental pHs, and have 
lifetimes of 5 months (HCN), and 6.6 months (CH3CN) against loss, chiefly by deposition to the 
ocean [Singh et al., 2003]. 
 
4. Potential for health effects from HNCO exposure  
 
The chronic and acute health effects of exposure to smoke are well documented [Dherani 
et al., 2008], however detailed causal biochemical pathways are not completely understood and 
are the subject of much research. The eyes and the respiratory system are the two main areas of 
the human body that show chronic effects from smoke exposure [Desai et al., 2004]. The 
potential for health impacts due to HNCO in smoke can be traced to two features of its 
chemistry, high solubility at physiologic pH as noted above, and the reaction of HNCO with 
amine, hydroxyl, and sulfhydryl groups. For example, addition across the N-C bond, forms a 
carbamyl group, -H2NC(O)-, in a process termed carbamylation [Stark et al., 1960]. Recent work 
showed that carbamylation of proteins is a key step in the inflammatory response that links 
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smoking to cardiovascular disease [Wang et al., 2007] and identified isocyanic acid/cyanate ion 
as a key intermediate in this reaction. However, the source of cyanate in this chemistry was 
postulated to be the enzymatic oxidation of thiocyanate (NCS-) by hydrogen peroxide. 
Smoke, however, provides a route to uptake and absorption of HNCO into the blood 
stream that will drive protein carbamylation directly. The Henry’s Law solubility of 105 M/atm 
at pH 7.4 means that a 1 ppbv (10-9 atm) mixing ratio will produce an equilibrium aqueous 
concentration of 100 mM, a concentration that mimics carbamylation in vitro [Wang et al., 
2007]. The transport of HNCO into the blood stream and into the sensitive tissues of the eyes 
depends on membrane transport, the precise aspects depending on its pKa and oil/water partition 
coefficient [Missner and Pohl, 2009], which is apparently not known for HNCO. However, we 
would expect HNCO to have similar behavior to formic acid (pKa = 3.75), which has moderate 
permeability in lipid bilayer membranes [Walter et al., 1982].  
 HNCO mixing ratios in the 1 ppbv range have not yet been measured in urban areas, yet 
the possibility that new diesel SCR sources could increase ambient HNCO is a real concern. 
Wildfire impacts on populated areas could also be significant based on our measurements in 
laboratory biomass smoke (figure 44b). There are some studies of indoor CO in rural areas of 
China, where biomass or coal is used for cooking and heating, that report average concentrations 
in the range 4 -12 ppmv [Wang et al., 2010b]. If our data from figure 44 are typical of at least 
biomass fuels, then HNCO levels up to 10 ppbv or higher could exist in those homes, and may 
result in blood NCO- levels far in excess of those shown to produce protein carbamylation. 
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5. Conclusions 
 
Through a combination of our work and a survey of currently available literature, we 
have shown that isocyanic acid (HNCO) has a significant source from the low-temperature 
pyrolysis/combustion of biomass [Burling et al., 2010; Roberts et al., 2010; Veres et al., 2010b], 
tobacco [Baker and Bishop, 2004] and coal [Nelson et al., 1996]. Moreover, HNCO is a 
recognized by-product of urea-selective catalytic reduction (SCR) systems that are mandated for 
control of on-road diesel NOx emissions in the U.S. and the European Union [Kröcher et al., 
2005]. The expected growth in biomass burning emissions with warmer, drier regional climates 
[Parry et al., 2007], and planned increase in diesel SCR controls, make it imperative that we 
understand the atmospheric sources, fate, and potential health effects of this HNCO exposure.  
We have shown that HNCO concentrations in fresh biomass fires can reach as high as 
600 ppbv. In addition, we have measured ambient HNCO in Pasadena, CA during CalNex 2010 
(chapter V) and in Boulder, CO during the 2010 4-Mile Canyon fire with measured mixing ratios 
up to 200 pptv. Our measurements of aqueous solubility show that HNCO is highly soluble at 
physiological pH, suggesting that higher exposure levels (> 1 ppbv) may provide a direct source 
of isocyanic acid/cyanate (NCO- ion) to humans at levels that have recognized health effects 
[Wang et al., 2007].  
These results bring up a number issues that require further study. Detailed emission 
factors are needed for the varieties of biofuels and coals used in low-temperature combustion, 
and biomass that is burned in wildfires. Human exposure to HNCO needs to be studied in depth, 
including lung and membrane transport, and their relation to blood and tissue levels of NCO-. 
The exposure to those who use tobacco needs to be quantified and considered, and HNCO should 
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be added to the FDA list of species of concern in tobacco smoke. The details of the potential 
urea-SCR diesel source also needs to be studied in detail. Additional ambient measurements are 
necessary to fully quantify HNCO sources, allowing an assessment of their potential for negative 
health effects.  
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CHAPTER VII 
 
CONCLUSIONS 
  
 Initial laboratory studies showed the NI-PT-CIMS method to be a significant advancement in 
comparison to previous organic acid measurement techniques. Reductions in both sampling time 
and detection limits have made NI-PT-CIMS one of the most promising techniques available for 
the measurement of organic acids. These characteristics as well as the portability of the system 
make it ideal for both laboratory and field measurements focused on improving our 
understanding of both the sources and fates of organic acids in the atmosphere.  
 Research on organic acids was, and still is, incomplete considering that current models 
under-predict organic acid concentrations in aged urban air masses when compared to ambient 
measurements. Through the application of NI-PT-CIMS, several of the important questions 
involving organic acids in the atmosphere could be investigated. Aside from continued 
improvements to the technique itself, initial research goals were aligned to address several issues 
such as (1) what are the missing atmospheric sources of organic acids, (2) how are organic acids 
formed in the atmosphere, and (3) what is the fate of organic acids in the atmosphere? 
 To ensure the quality of measurements using NI-PT-CIMS a large amount of work was 
focused on the development of an accurate and portable calibration source. The goal was to 
develop a robust, portable, and relatively inexpensive calibration system that was applicable to a 
large range of compounds. The result of this research is MOCCS that was presented in detail in 
chapter III. MOCCS is a novel calibration system that is applicable to not only organic acids but 
also a large range of hydrocarbons and oxygenates. While most of the work using MOCCS has 
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been focused on calibration of NI-PT-CIMS for organic acids, we have also more recently used 
the system for PTR-MS calibration as well as a laboratory study of potential hydrocarbon 
interferences on the detection of SO2 via pulsed ultraviolet fluorescence.  
 In the spring of 2009, the NI-PT-CIMS instrument was involved in a series of laboratory 
biomass burning experiments as discussed in detail in chapter IV. It was during these 
experiments that we were first able to apply the newly developed NI-PT-CIMS instrument to 
identify and quantify an important source of organic acids. A great deal of information on 
organic acids emitted from biomass was collected during the study, but perhaps the most 
interesting information came from a group of compounds that had previously only been 
suspected as measureable by NI-PT-CIMS. During the fires, it became immediately obvious that 
NI-PT-CIMS could detect several important inorganic acids species such as HONO, HCl, HNO3, 
and HNCO. Organic acids were present in significant quantities in all of the fuels tested, 
although, inorganic acids dominated the observed emissions. Through this research much was 
learned about biomass smoke as a primary source of both organic and inorganic acids. The 
biomass study also served as a catalyst for the expansion of NI-PT-CIMS applications to include 
the measurement of many inorganic acids that are essential components of total acidity and the 
oxidative capacity of the atmosphere as well as integral in our understanding of the formation of 
atmospheric aerosols. 
 Following the conclusion of the Fire Sciences Laboratory study, a new CIMS instrument was 
built, specifically for use with acetate ion chemistry, in preparation for the California air quality 
field study (CalNex 2010). The previous version, used throughout the initial laboratory studies of 
biomass burning emissions, was a modified version of the PAN-CIMS instrument. In the new 
instrument several modifications were made to improve the stability of the acetate ion source and 
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the ion transmission efficiency. The remainder of time preceding CalNex 2010 was spent 
developing inorganic acid calibration sources and characterizing the new instrument for the 
measurement of both organic and inorganic acids. With the ability to now quantitatively detect 
both organic and inorganic acids, a much broader set of research goals was formulated for the 
CalNex study. In addition to our initial questions regarding organic acids, we could focus on 
some issues involving inorganic acids such as (1) can we accurately measure HONO in an urban 
atmosphere, (2) what are the sources and fates of HNO3 and HCl, and (3) what are the 
atmospheric sources and fates of HNCO?  
 In chapter IV, a brief discussion of the results from the CalNex 2010 field study is presented. 
Using NI-PT-CIMS measurements of organic acids, it was shown that there is a photochemical 
source of organic acids in urban plumes. This conclusion conflicts with complex models such as 
the master chemical mechanism; in that particular model, no viable pathway exists for the 
formation of organic acids in the presence of NOx. A large amount of data was also collected on 
inorganic acids (HONO, HCl, HNO3, and HNCO). A sound understanding of the inorganic acid 
measurements and their importance require a lot of additional work. However, initial results are 
briefly mentioned here. Preliminary comparisons of NI-PT-CIMS HONO measurements with 3 
additional HONO measurements made at the Pasadena ground site show good agreement, 
particularly after correcting the NI-PT-CIMS measurement for a mass spectrometric interference 
and an inlet artifact. The simultaneous NI-PT-CIMS measurement of HCl and HNO3 on a rapid 
timescale is unique and current work is in progress to use the data in models to identify the 
mechanisms for production and losses of both species. Lastly, a photochemical source of HNCO 
was identified and quantified in the atmosphere for the first time during CalNex using NI-PT-
CIMS. Given the potential significance of HNCO in the atmosphere (chapter VI) future research 
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on this compound may be significant and necessary. While these results are useful, they are by 
no means complete, and future work will continue to be performed using the NI-PT-CIMS data 
set in hopes of achieving a better answer to the questions posed here.  
 NI-PT-CIMS began as an idea and the subsequent line of research has been directed by the 
various questions proposed above. We have been able to identify some additional primary and 
secondary sources of both organic and inorganic acids in the atmosphere, yet many of our 
questions still remain unanswered. Our understanding of the roles of organic acids, HNO3, and 
HCl in the formation and subsequent processing of aerosols has not been significantly advanced 
through this work, however, work is currently being performed to address this. For example, 
measurements during the fire science laboratory study have led us to believe that benzenediol 
may be one of the most significant SOA precursors in biomass smoke. Preliminary analysis of 
over 200 quantified compounds suggest that the potential aerosol mass in biomass smoke is 
dominated by the contribution of benzenediol, however, better measurements of aerosol yields 
are necessary to incorporate these observations into currently available models. Measurements 
made during CalNex indicate that gas phase HCl may play a significant role in the heterogeneous 
formation of ClNO2 and is currently under exploration through the work of Jim Roberts at 
NOAA. Further efforts to address these open questions are currently underway using the NI-PT-
CIMS data presented here as well as through the planning of future measurements.  
 One particular application of this work has been the adoption of the acetate ion chemistry 
developed here by other researchers for use in techniques such as the micro-orifice volatilization 
impactor chemical ionization mass spectrometer (MOVI-CIMS) [Yatavelli and Thornton, 2010] 
for the measurement of organic and inorganic acids in both the gaseous and particle phases. 
Through our continued work with NI-PT-CIMS as well as that of other researchers, the gap 
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between our understanding of organic and inorganic acids in atmosphere through modeling and 
atmospheric measurements may begin to close.  
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